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(60 and 15 THz) and cover different delay ranges (3 and 20 ps) to
separately illustrate both the high- and low-frequency contribu-
tions to the PE intensity modulations (Supplementary Note 2).
Raw data (red lines) were fitted with an exponential model
function (Supplementary Note 3) to account for the carrier
population dynamics (black lines) and to extract the pure
oscillatory part of the signals (blue lines). The beating of the 3
ps range data clearly reveals the presence of more than one high-
frequency mode. Additionally, a well-separated low-frequency
modulation can be identified in the 20 ps range data. Figure 2e
shows a Fourier amplitude spectrum of the 20 ps range intensity
transient. Overall, we find main peaks at 0.23, 2.41, 3.57, 4.00, and
6.35 THz indicative for the excitation of at least five different
coherent phonon modes. A comparison with the results of Raman
studies of WTe2 and MoTe2 allows assigning all frequencies to A1
optical phonon modes22–24,31 that belong to the group of m-
modes with the atoms vibrating in the bc-mirror plane of the unit
cell31. Of particular relevance is the assignment of the 0.23 THz
mode, which is responsible for the distinct long-periodic spectral

modulations visible in Fig. 2b, d: In agreement with UED,
TRSHG, and TRR results21,25,26, and predictions from Raman
studies22–24,31, we assign this frequency to the low-energy optical
phonon interlayer shear mode along the b axis (see below). The
excitation of this mode periodically drives WTe2 from its non-
centrosymmetric Td structure towards a centrosymmetric 1T 0(*)
structure. It is therefore expected to periodically modulate the
spin splitting of bands27 as well as the Weyl point intra-pair
separation in this material21.

Mode-resolved electronic structure response. Figure 3a shows
the results of an energy- and momentum-resolved Fourier ana-
lysis of the TRARPES data (Supplementary Note 4) illustrating
the phonon mode-selectivity of the electronic structure response.
The figure separately displays energy-momentum maps of the
Fourier amplitudes of the 0.23, 2.41, and 3.57 THz coherent
phonon excitations in comparison to the ARPES intensity map at
Δt= 120 fs. The data clearly illustrates the band-selectivity of the
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Fig. 2 TRARPES results of Td-WTe2 along Γ-W. a ARPES difference intensity map derived from the TRARPES data at Δt= 120 fs and Δt=−1 ps shown in
Fig. 1c. b Transient difference EDCs derived from the ARPES difference intensity map by momentum integration of the gray-shaded area in a. c, d PE intensity
transients of the integration region marked by the black box in a before (red) and after (blue) background subtraction (Supplementary Note 3). Blue curves
are offset and scaled by a factor of 2 for clarity. e Fourier amplitude spectrum of the intensity transient shown in d. Note the different scaling of the data.
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Part 1 

Ab-initio simulations of the non-equilibrium phonon dynamics:  
what can we learn? 



Non-equilibrium phonon dynamics from the time-dependent Boltzmann equation (TDBE) 

electron and phonon occupations:   and   
collision integrals:  

nqν fnk
Γnk

The TDBE: 

electron dynamics 

phonon dynamics 
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Momentum selectivity and non-equilibrium phonon dynamics

Intravalley scattering

q = k − k′ ≃ 0

Γ

Tph

Intervalley scattering

q = k − k′ ≃ K

K
Tph

S

S

Mo

FC, J. Phys. Chem. Lett. (2021)

tional temperature T N Tq qph
1̃ = ∑ν ν

− , with Nph = 9 being the
number of phonon modes of monolayer MoS2, for crystal
momenta within the first BZ and for selected time steps. The
same color bar (shown beside panel i) is used for panels a−i.
At t = 0 (Figure 3a), the lattice is at thermal equilibrium, as

reflected by the constant vibrational temperature in the BZ (T̃q =
Tph
0 = 100 K). As the coupled electron−phonon dynamics begins

(t > 0), the excited carriers in the valence and conduction bands
relax back to Fermi level by transferring energy to the lattice
through the emission of phonons. The influence of these
processes on the phonon distribution function is accounted for
by the phonon−electron collision integral (Γqν

pe) in eq 4, which
leads to an increase of nqν (and thus of Tqν) as phonons with
matching crystal momenta q and index ν are emitted. After t =
100 fs (Figure 3b) the lattice has abandoned the initial
thermalized state, as revealed by the emergence of hot-spots in
the BZ characterized by a higher average vibrational temperature
T̃q. In particular, an increase of the vibrational temperature is
observed for momenta close to Γ and K, which in turn reflects an
enhancement of the phonon population.
To understand the origin of these features, it should be noted

that the emission of phonons, and thus the change of Tqν, is
triggered by electronic transitions within the valence and
conduction bands, which are heavily constrained by energy and
momentum conservation laws. For the excited electronic
distribution of Figure 2a, for instance, phonon-assisted
transitions within the valence band primarily involve two types
of processes: (i) intravalley transitions, connecting initial and
final electronic states both located close to the same high-
symmetry point (Γ or K); (ii) intervalley transitions, with the
initial and final electronic states located at Γ and K, respectively
(or vice versa). Phonon-assisted transitions across the gap are
forbidden by energy conservation. Because of momentum
conservation, processes of type (i) result in the emission of long-
wavelength phonons (q ≃ 0) with momenta close to Γ, whereas
processes of type (ii) can involve only the emission of phonons
with momenta around K. A similar picture applies to transitions
in the conduction band. Here, however, the presence of the Q

valley also enables the emission of phonons around M and Q. A
schematic illustration of the allowed inter- and intravalley
phonon-assisted transitions is provided in Figure S2 of the
Supporting Information. Umklapp processes are also included in
these pictures, because transitions connecting different BZs can
be folded back to the first BZ via translation by a reciprocal
lattice vector. This picture enables us to attribute the anisotropic
increase of vibrational temperature to the preferential emission
of phonons at Γ and K, which is dictated by momentum
selectivity in the electronic transitions.
This mechanism leads to a further enhancement of the

temperature anisotropy in the BZ for t = 500 fs (Figure 3c).
Additionally, an increase in vibrational temperature is observed
at the M point and, less pronouncedly, at Q, which arise from
transitions involving the Q pocket in the conduction band. On
longer time scales, phonon−phonon scattering, accounted for
by the phonon−phonon collision integral (Γqν

pp) in eq 4,
counterbalances a nonthermal vibrational state by driving the
lattice toward a thermalized regime (namely, Tqν = constant).
This behavior is manifested for t = 1.5 and 3 ps (Figure 3d,e) by a
progressive reduction of the temperature anisotropy in the BZ.
The mode- and momentum-resolved vibrational temperature

Tqν, superimposed to the phonon dispersion in Figure 3g−i for t
= 0.1, 0.5, and 3 ps, may further change significantly for different
phonon branches, because the contribution of each phonon to
the relaxation process is dictated by its own electron−phonon
coupling strength.32,44 In particular, the stronger coupling of
optical phonons makes them a more likely decay channel for the
relaxation of excited carriers, as compared to other vibrations.
This trend is reflected in Figures 3g,h by the higher vibrational
temperature of these modes throughout the initial stages of the
dynamics, suggesting that the electronic coupling to optical
modes plays a primary role in the emergence of a nonthermal
state of the lattice.
A comprehensive picture of the formation and decay of a

nonthermal vibrational state is provided in Figure 3f, which
illustrates the time evolution of the average vibrational
temperature T̃q for momenta along the M-K-Γ-K-M path in

Figure 3.Nonequilibrium lattice dynamics of monolayerMoS2. (a)Momentum-resolved effective phonon temperature T̃q (defined in eq 5) at thermal
equilibrium, and (b−e) at several time delays throughout the thermalization process. The same color scale (color bar beside panel i) is used for panels
a−i. (f) Time dependence of the effective phonon temperature T̃qν along the diagonal M-K-Γ-K-M path in the BZ (dashed line in panel a). (g−i)
Mode- and momentum-resolved effective phonon temperature Tqν (eq 5) superimposed to the phonon dispersion of MoS2 for t = 0.1, 0.5, and 3.0 ps.
(j) Standard deviation of the effective phonon temperature (eq 6) for initial excitation energies ΔEel ranging between 2 and 65 meV per unit cell.
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Accessing the Anisotropic Nonthermal Phonon Populations in Black
Phosphorus
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ABSTRACT: We combine ultrafast electron diffuse scattering experiments and first-principles
calculations of the coupled electron−phonon dynamics to provide a detailed momentum-
resolved picture of lattice thermalization in black phosphorus. The measurements reveal the
emergence of highly anisotropic nonthermal phonon populations persisting for several
picoseconds after exciting the electrons with a light pulse. Ultrafast dynamics simulations
based on the time-dependent Boltzmann formalism are supplemented by calculations of the
structure factor, defining an approach to reproduce the experimental signatures of
nonequilibrium structural dynamics. The combination of experiments and theory enables us
to identify highly anisotropic electron−phonon scattering processes as the primary driving force
of the nonequilibrium lattice dynamics in black phosphorus. Our approach paves the way toward unravelling and controlling
microscopic energy flows in two-dimensional materials and van der Waals heterostructures, and may be extended to other
nonequilibrium phenomena involving coupled electron−phonon dynamics such as superconductivity, phase transitions, or polaron
physics.
KEYWORDS: ultrafast electron diffraction, first-principles calculations, layered materials, black phosphorus, electron−phonon coupling

Black phosphorus (BP) exhibits a tunable band gap in the
mid-IR,1−3 high carrier mobilities,4−6 and a layered crystal

structure. These features make it a versatile platform to explore
novel device concepts, such as field-effect transistors, saturable
absorbers, and polarization-sensitive photodetectors.2,4,5,7−9

The pronounced crystal structure anisotropy of BP further
gives rise to highly anisotropic macroscopic properties, as
exemplified by its thermal10−12 and electrical conductiv-
ities,1,5,13,14 as well as its optical response.5,15−17

Since practical applications based on these properties
invariably exploit nonequilibrium states of either the lattice
or hot carriers, it is desirable to attain a detailed understanding
of the ultrafast dynamics of electronic and vibrational degrees
of freedom in BP. Following photoexcitation, hot carriers relax
to the band edges by transferring their excess energy to the
lattice via the emission of phonons, which triggers coupled
carrier-lattice dynamics. Optical and photoemission spectros-
copies have been employed extensively to investigate carrier-
phonon scattering channels and their influence on the carrier
dynamics in BP.14,18−25 While these techniques provide direct
information on the electrons, the lattice dynamics can only be
inferred indirectly through its effects on the electronic
structure. Ultrafast electron diffuse scattering (UEDS),
conversely, circumvents these limitations and complements
optical and photoemission spectroscopies. UEDS provides
direct access to lattice dynamics and electron−phonon
scattering processes with time and momentum resolution.26−32

Because of its sensitivity to both electron−phonon and
phonon−phonon scattering processes in reciprocal space,
UEDS is thus well-suited to establish a microscopic picture
of the energy flows between hot electrons and the BP lattice.
Here, we combine UEDS experiments with ab initio

calculations to provide a momentum-resolved picture of
nonradiative energy flows in photoexcited BP. We observe
that strongly anisotropic nonthermal phonon populations are
established throughout the first picoseconds of the dynamics,
and thermal equilibrium is only re-established by anharmonic
decay pathways (phonon−phonon coupling) on time scales of
the order of 50−100 ps. To unravel the origin of the
nonequilibrium lattice dynamics and its signatures in UEDS
experiments, we conduct first-principles calculations of the
coupled electron−phonon dynamics based on the time-
dependent Boltzmann formalism, whereby electron−phonon
and phonon−phonon scattering processes are explicitly taken
into consideration. Calculations of the structure factor further
enable a direct comparison with the experimental data. Our
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findings reveal how band-structure anisotropies profoundly
influence the decay path of photoexcited carriers and are at the
origin of nonthermal phonon populations.

■ RESULTS AND DISCUSSION
The layered orthorhombic crystal structure of BP is illustrated
in Figures 1a and 1b from the top and side view, respectively,
whereas its Brillouin zone (BZ) and main high-symmetry
points (labeled according to the convention of ref 34) are
reported in Figure 1e. The equilibrium electron diffraction
pattern of Figure 1c provides a direct view of the reciprocal
lattice for momenta within the X-Γ-A plane in the BZ (shaded
blue plane in Figure 1e). High-intensity features arise for
transferred momenta matching the reciprocal lattice vectors G,
according to Bragg’s law. These measurements are consistent
with previous TEM experiments.35 Besides the pronounced
anisotropy of the BP crystal lattice, signatures of anisotropy
also manifest themselves in the electronic properties.
The electronic band structure, obtained from density

functional theory (DFT) and illustrated in Figure 1d, exhibits
a direct gap at the Z-point and a conduction band
characterized by several local minima in the vicinity of the Y,
A, and A′ high-symmetry points. The local minima in the
conduction band thus involve crystal momenta with an in-
plane component directed primarily along the zigzag direction.
Conversely, no local minima arise in the conduction band
along Γ-X and Z-Q (armchair direction). The anisotropic
character of the band structure is shown below to influence
profoundly the nonequilibrium dynamics of electrons and
phonons in BP, leading to the emergence of a striking
anisotropy in the phonon population following photo-
excitation.
Ultrafast Electron Diffuse Scattering Measurements.

To investigate the nonequilibrium lattice dynamics of BP with
momentum and time resolutions, we perform UEDS measure-
ments on a free-standing thin film of BP. The sample has an
estimated thickness of 39 ± 5 nm and has been obtained by
mechanical exfoliation of a bulk crystal. In UEDS, a laser pulse
is employed to drive the system into an excited electronic state.
After a time delay t, the sample is probed by an electron pulse,
which diffracts off the lattice. The diffraction pattern generated

by this procedure provides a direct probe of the non-
equilibrium dynamics of the lattice in reciprocal space.36 A
schematic illustration of the experiment is reported in Figure
1b. Here, the BP flake is photoexcited with a 50 fs light pulse
with energy hν = 1.61 eV and polarization aligned along the
armchair direction. Additional measurements using a pump
energy hν = 0.59 eV are reported in the Supporting
Information. The duration of the electron pulse is estimated
to be ∼200 fs. All measurements are performed at the
temperature of 100 K. The initial density of photoexcited
electrons and holes induced by the pump pulse is estimated to
ne = 7.3 × 1013 cm−2 (see the Supporting Information).
Figure 2a illustrates the relative intensity changes of the

(400) and (004) Bragg peaks, located along the zigzag
(squares) and armchair (triangles) directions, respectively,
throughout the nonequilibrium dynamics of the lattice. A clear
fingerprint of anisotropic lattice dynamics is revealed by the
different time dependence of these elastic scattering signals.
The dynamics of both armchair and zigzag reflections are well-
captured by biexponential decays, with a fast time constant of
500 fs and a slower time constant of 20 ps. This behavior was
described in detail in ref 37, where some of us investigated the
dynamics of the Bragg reflections in BP, revealing nonthermal
phonon distributions persisting for tens of picoseconds.
To obtain a momentum-resolved picture of the non-

equilibrium lattice dynamics of BP, we go beyond the analysis
of the elastic scattering signals and we inspect the transient
signatures of diffuse (inelastic) scattering processes, as revealed
by UEDS. The contribution of the different high-symmetry
points to the UEDS intensity can be singled out by dividing the
diffraction pattern into BZs around each Bragg reflection peak,
as illustrated by the shaded rectangle in Figure 1c for the (2̅00)
reflection. Exemplary time-resolved UEDS signals around the
(400) Bragg peak are shown in Figure 2b for the A (circles)
and X (pentagons) points in the BZ. As diffuse scattering
occurs primarily through phonon-induced scattering processes,
the signal measured at a given point q in the BZ reflects the
phonon population with the same momentum.28,29,31,38−40

The red curve in Figure 2b indicates the relative intensity of
the UEDS signal as a function of time at point A. Similar
dynamics are observed at all investigated points A. A

Figure 1. (a) Top view of the BP crystal lattice. (b) Schematic illustration of ultrafast electron diffuse scattering, with side view of the BP crystal
lattice. (c) Representative transmission diffraction pattern of BP. The Brillouin zone can be drawn around each Bragg peak, as illustrated by the
rectangle over the (2̅00) reflection. An arbitrary position in reciprocal space, Q, can always be expressed as G + q, where G is a reciprocal lattice
vector and q the phonon wavevector. (d) Electronic band structure as obtained from density functional theory (DFT). A scissor rigid shift of 0.2 eV
has been applied to the conduction manifold to match the experimental band gap (Eg ≃ 0.3 eV).33 (e) Brillouin zone and high-symmetry points of
BP. The blue shading marks the region of reciprocal space probed by our UEDS measurements. (f) Fermi−Dirac occupations of photoexcited
carriers for momenta in the Q-Z-A′ plane in the BZ.
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Part 2 

Non-equilibrium lattice dynamics "a la carte”: 
opportunities for engineering phonons out of equilibrium



How to control non-equilibrium dynamical states of the lattice? 
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Option 1: tailored electronic excitations

Pan, FC, Nano Lett. (2023)

Option 2: control relaxation pathways

Pan, FC, npj 2D Mater. Appl. (2024)
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Valley selective optical excitation in MoS2 

• three-fold rotational invariance

• non-centrosymmetryc crystal structure
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Valley selective optical excitation in MoS2 

•Ultrafast valley depolarization dynamics 
•Different timescales for valence and conduction band

Yao, Niu, et al., Phys. Rev. B (2008) 
Mak, Heinz, et al., Nature Nanotec. (2012)
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The decay path of valley-polarized carriers in MoS2 
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Pan, FC, Nano Lett. (2023)

Valley-polarized non-equilibrium phonon populations in MoS2 
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Valley-polarized non-equilibrium phonon populations in MoS2 

(g)I↻(t) − I↺(t)

(e) (f)
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I↻(t) − I↺(t) : dichroic diffraction intensity 
(changes by switching polarization)

Ultrafast electron diffuse scattering signal (simulations) 
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vibrational circular dichroism

Pan, FC, Nano Lett. (2023)



Pan, FC, npj 2D Mater. Appl. (2024)

Figure 1: Influence of strain on the electron band structure and phonon dispersion of mono-
layer WS2. (a) Electronic band structures along the high symmetry path �-K-M-K0-�, the
red shading indicates the carrier population induced by a circularly polarized light pulse.
Conduction (b) and valence bands (c) along the high symmetry path M-K-�, with energies
relative to the CBM and VBM, respectively. The color coding reflects strain values ranging
between 0 and 2 %. (d) Influence of strain on the phonon dispersion.

and phonon dispersion of monolayer WS2, we perform DFT and density functional pertur-

bation theory (DFPT) calculations for an increase of the in-plane lattice constant ranging

from 0% to 2% with an increment of 0.5%. In Figs. 1 (b) and (c), we illustrate the influence

of di↵erent strain conditions on the conduction and valence bands, respectively. Energies in

the conduction (valence) band are relative to the CBM (VBM). The e↵ect of strain mani-

fests itself primarily in the conduction band. With increasing strain the spin-split Q valley

– located at the midpoint between the � and K/K0 high-symmetry points in the conduction

bands – is blue-shifted to higher energies, leading to an increase in the energy separation

between the Q point and the CBM. Conversely, the spin-degenerate � valley in the valence

bands follows the opposite trend. Tensile strain reduces the energy di↵erence between the

K and � high-symmetry points and for strain levels beyond 2% monolayer WS2 undergoes a

transition from direct to indirect band-gap semiconductor, as demonstrated by recent pho-

toluminescence experiments.13 The origin of the band structure dependence on strain has

been discussed extensively in earlier studies and it can be attributed to the reduction of

monolayer thickness when strain is applied.17,57,58

The phonon dispersion for di↵erent values of biaxial strain is reported in Fig. 1 (d). In
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red shading indicates the carrier population induced by a circularly polarized light pulse.
Conduction (b) and valence bands (c) along the high symmetry path M-K-�, with energies
relative to the CBM and VBM, respectively. The color coding reflects strain values ranging
between 0 and 2 %. (d) Influence of strain on the phonon dispersion.
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emissions or absorption of a phonon57–64. These processes are extremely
sensitive to the phase space available for phonon-assisted transitions, and
are thus likely to be largely affected by the strain. Overall, these con-
siderations suggest opportunities to directly influence intervalley scat-
tering processes and the ensuing nonequilibrium dynamics of phonons
and charge carrier using strain. Yet, these phenomena remain mostly
unexplored out of equilibrium.

In this work, we explore strain-inducedmodifications of the ultrafast
electron and phonon dynamics in monolayer WS2 via state-of-the-art
ab-initio methods. Our investigations are based on the time-dependent
Boltzmann equation (TDBE) and concentrate on realistic strain condi-
tions that have already been achieved in experiments. We demonstrate
that strain influences profoundly the phase space available for electron-
phonon scattering, altering the accessible scattering channels for the
relaxation of hot carriers. Specifically, for the case of valley-polarized
electronic excitations strain can be exploited to switch amongqualitatively
different dynamical regimes, characterized by the emission of linearly
polarized phonons at low strain and circularly polarized (chiral) phonons
at high strain, as depicted in Fig. 1. Overall, these findings demonstrate a
powerful route to enhance the chiral phonon emission in multivalley
TMDs and open up opportunities to directly tailor the chirality of lattice
vibrations in photo-driven solids.

Results
Influence of strain on electrons and phonons at equilibrium
The band structure of monolayer WS2 as obtained from density functional
theory (DFT) is reported in Fig. 2a. To illustrate the effects of tensile strain
on the electronic properties and phonon dispersion of monolayer WS2, we
perform DFT and density functional perturbation theory (DFPT) calcula-
tions for an increase of the in-plane lattice constant ranging from 0% to 2%
with an increment of 0.5%. The phonon symmetry analysis is reported in
Supplementary Note 1 and Supplementary Fig. 1. In Fig. 2b, c, we illustrate
the influence of different strain conditions on the conduction and valence
bands, respectively. Energies in the conduction (valence) band are relative to
the CBM (VBM). The effect of strain manifests itself primarily in the con-
duction band.With increasing strain the spin-split Q valley – located at the
midpoint between the Γ and K/K0 high-symmetry points in the conduction
bands – is blue-shifted to higher energies, leading to an increase in the
energy separation between the Q point and the CBM. Conversely, the spin-
degenerate Γ valley in the valence bands follows the opposite trend. Tensile

strain reduces the energy difference between the K and Γ high-symmetry
points and for strain levels beyond 2% monolayer WS2 undergoes a tran-
sition from direct to indirect band-gap semiconductor, as demonstrated by
recent photoluminescence experiments13. The origin of the band structure
dependence on strain has been discussed extensively in earlier studies and it
can be attributed to the reduction of monolayer thickness when strain is
applied17,65,66. While we focus here on the case of bi-axial strain, uni-axial
strain induces similar band structural renormalization as illustrated in
Supplementary Fig. 5 and discussed in Supplementary Note 2.

The phonon dispersion for different values of biaxial strain is reported
in Fig. 2d. In general, strain induces a softening of the phonons which arises
from theweakening of bonds as the interatomic distances are increased. The
phonon frequencies, however, are not homogeneously softened for different
modes. For the E0 modewe observe a softening by 0.87meVper% of strain.
Conversely for theA0

1 mode, the softening amounts to less than 0.1meVper
% of strain. This result agrees well with strain-dependent Raman spectro-
scopy experiments67,68 and the analysis of mode Grüneisen parameters69,70.
The different dependence of E0 and A0

1 phonon energies on strain can be
ascribed to the anharmonicity of atomic potentials and the increase of in-
plane atomic distances. As a result, the E0 modewith in-plane vibrations are
strongly softened compared to theA0

1 phonon which vibrates in the out-of-
plane direction. The vibrations of these modes are schematically illustrated
in the inset of Fig. 2d.

Having discussed the effects of strain on the electronic and vibrational
properties under equilibrium conditions, we proceed next to inspect to
which extent strain can influence the ultrafast dynamics of electrons and
phononsoutof equilibrium.Overall,while theminor changes of thephonon
dispersion under strain are likely inconsequential for the ultrafast dynamics,
the substantial strain-induced band-structuremodifications are expected to
profoundly influence the phase space available for phonon-assisted elec-
tronic transitions. In particular, in the following we show that the renor-
malization of band energy at theQ point can lead to the selective activation/
deactivation of additional scattering channels, leading to qualitatively dif-
ferent regimes for the non-equilibrium lattice dynamics.

Coupled electron-phonon dynamics in strained WS2

We focus below on the case of valley-selective circular dichroism and on the
ensuingnon-equilibriumdynamics of electrons andphonons. The interplay
of threefold rotational invariance and the lack of inversion symmetry in
hexagonal monolayer TMDs is responsible for distinctive valley-selective

Fig. 1 |Q6Q6 Schematic illustration of the influence of
strain on the phonon emission in monolayer WS2.
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Ultrafast electron diffuse scattering: the case of bulk MoS2

H. Seiler (FU Berlin)

ΔI(t) = I(t) − I(t = 0)I(t = 0)



MoS2

t = 100 ps

Two distinct non-thermal phonon populations (experiments)

thermal equilibrium (at larger T)non-thermal phonon populations

thermal transport in this far from equiulibrium
regime.

Conclusion

UED and UEDS have provided time- and
momentum-resolved details of electron-phonon
coupling, anharmonic phonon decay and ther-
mal transport on the sub-nanoscale in an 1L-
MoS2 /Si:N heterostructure. These data show
that the dielectric environment provided by
Si:N leads to a strong renormalization of the
EPI in the monolayer. ab inition DFT sim-
ulations using a recently developed framework
are in excellent agreement with these measure-
ments. Combined, these approaches provide a
momentum-resolved protocol which can yield
details of coupling dynamics in 2D material sys-
tems and their heterostructures.

Methods

UEDS

The total scattered intensity can be decom-
posed into

I(Q, ⌧) = I0(Q, ⌧) + I1(Q, ⌧) + · · ·

The zeroth-order term I0(Q, ⌧) is the elastic
Bragg scattering and the first-order contribu-
tion I1(Q, ⌧) is the inelastic single-phonon ’dif-
fuse’ scattering that is the primary focus of this
work. Adopting phonon normal mode coordi-
nates gives:

I1(Q, t) /
X

⌫

n⌫(q, t) + 1/2

!⌫(q, t)| {z }
|a⌫q|2

��F1⌫(Q, t)
��2

(3a)
where the label ⌫ indicates the specific phonon
branch, Q is the electron scattering vector, q
is the reduced phonon wavevector (i.e. q = Q
- H, where H is the closest Bragg peak), a⌫q
is the vibrational amplitude of mode �, n⌫ is
the mode-resolved occupancy with energy ~!⌫ ,
and F1⌫ are known as the one-phonon structure

factors. I1 provides momentum-resolved infor-
mation on the nonequilibrium distribution of
phonons across the entire Brillouin zone, since
I1(q, ⌧) depends only on phonon modes with
wavevector q = Q - H (Fig 1a). The F1⌫ are
geometrical weights that describe the relative
strength of scattering from di↵erent phonon
modes and depend sensitively on the atomic
polarization vectors {e⌫k}.43 Most importantly,
F1⌫ (Q) are relatively large when the phonon
mode ⌫ is polarized parallel to the reduced scat-
tering vector q. These phonon-scattering selec-
tion rules mean that F1⌫ for the out of plane (Z-
polarized) acoustic and optical bands and the
optical modes of E” symmetry are very weak
in the geometry of these experiments (SI, Fig.
S8). These experiments primarily probe the q-
dependent population dynamics of the E’ op-
tical and LA/TA branches. Terms of higher-
order than I1 represent multi-phonon scatter-
ing. These terms have lower cross-sections and
do not contribute significantly to the interpreta-
tion of the 1L-MoS2 signals reported on here.24

The 1L-MoS2 /Si:N specimens used in these ex-
periments provide two distinct contributions to
I0 that are both evident in Fig1: (i) elastic
scattering from the amorphous Si:N substrate
layer which is distributed as di↵use rings, and
(ii) the Bragg and phonon di↵use scattering
from the 1L-MoS2 . The qualitatively di↵er-
ent character of these signals makes the amor-
phous Si:N contribution to the scattering sig-
nals, Isub(Q, ⌧) = Isub(|Q|), easily subtracted
from the dataset as a background. See Supple-
mentary Information Section 1 for details of the
pump-probe instrument.

Sample Preparation

The techniques of Liu et al were used to gen-
erate the 1L-MoS2 sample onto the supporting
Si3N4 (Si:N) substrate.44 A 150 nm-thick Au
film was deposited onto a Si wafer (from Nova
Electronic Materials) with e-beam evaporation
(0.05 nm/s). Polyvinylpyrrolidone (PVP) solu-
tion (from Sigma Aldrich, mw 40000, 10% wt
in ethanol/acetonitrile wt 1/1) was spin-coated
on the top of the Au film (1500 rpm, acceler-
ation 500 rpm/s, 2 min) and then heated at

7

Zero-phonon  

(von Laue condition)

Phonon contribution 
to diffraction

Intensity of scattered radiation by a vibrating lattice
I1(Q) ∝ ∑

v

nqv + 1/2
ωqv

𝔉1v(Q)
2

𝔉1v(Q) = ∑
κ

e−Wκ(Q) fκ(Q)
Mκ

(Q ⋅ eqvκ)

1-phonon contribution

1-phonon structure factor



Experiment: delay 100 ps Theory: multi-phonon SF, ΔT = 80 K

Marios Zacharias

Diffuse scattering at thermalization: theory vs experiment

Zacharias, Seiler, FC, et al. Phys. Rev. Lett. (2021) 
Zacharias, Seiler, FC, et al. Phys. Rev. B (2021)



Without screening from carriers
Experiment: delay 1 ps Theory: delay 1 ps

Diffuse scattering from non-equilibrium phonon populations

Suppression of phonon 
emission around Γ

Strong phonon 
emission around Γ

Suppression of 
Intravalley electrong 
scattering due to EPI

q = k − k′ ≃ 0



Photo-screening of the electron-phonon interaction

Other possibilities in progress: maybe a more sophisticated model than Linhard function: RPA 
dielectric function from wannier interpolation 

Time-dependent screening : calculate  at each step 

and screen the e-ph matrix with time dependent dielectric function.

δχ0(q) = ∑
mm′ k

δfmk(t) − δfm′ k+q(t)
εmk − εm′ k+q

|⟨um′ k+q |umk⟩ |2

The overlap of wave function must account for the contribution from Berry connection in wannier basis 
 and AW ⟨um′ k+q |umk⟩ = [U†

k+q(I + q ⋅ AW)Uk]mm′ 

The e-ph matrix elements should be screened via : g̃ν
mn(k, q) = gν

mn(k, q)
1 − 4πe2

|q |2 ϵundoped
δχ0(q)

Renormalization of screening due to photoexcited carriers 
(independent particles): 

Other possibilities in progress: maybe a more sophisticated model than Linhard function: RPA 
dielectric function from wannier interpolation 

Time-dependent screening : calculate  at each step 

and screen the e-ph matrix with time dependent dielectric function.

δχ0(q) = ∑
mm′ k

δfmk(t) − δfm′ k+q(t)
εmk − εm′ k+q

|⟨um′ k+q |umk⟩ |2

The overlap of wave function must account for the contribution from Berry connection in wannier basis 
 and AW ⟨um′ k+q |umk⟩ = [U†

k+q(I + q ⋅ AW)Uk]mm′ 

The e-ph matrix elements should be screened via : g̃ν
mn(k, q) = gν

mn(k, q)
1 − 4πe2

|q |2 ϵundoped
δχ0(q)

Electron-phonon matrix elements for photo-doping: 

gν
mn(k, q) = ⟨mk + q |ΔqνVKS |nk⟩

gν
mn(k, q) g̃ν

mn(k, q)≠
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Non-equilibrium lattice dynamics "a la carte”: 
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quantum nuclear effects, an aspect beyond the capability of existing ab-initio methods. These considerations 
make QPE an ideal testbed to explore optical control of ferroelectrics, as well as a framework to benchmark 
and validate the treatment of quantum nuclear effects by novel levels of theory. 
3. Other ferroelectrics. In addition to the materials discussed above, the spectrum of compounds exhibiting 
ferroelectricity is vast and it includes also hybrid improper ferroelectrics, multiferroics, and 2D ferroelectrics. 
While this selection of materials is too broad to be tackled in a single project, it illustrates the richness of still 
unexplored opportunities for realizing light-induced structural control, and the possibility for DynamiX to 
substantially impact future developments in this field.  
Own preliminary work (PW). Below I outline key advancements pursued in my group (myself, 2 PhD 
students, 1 postdoc) in the field of light-induced structural control. These activities pursued the advancement 
of ab-initio theories (PW-1) computational methods (PW-2) and materials modelling (PW-3) for light-induced 
phase transitions, putting us in a strong position to reach the objectives of DynamiX.  
PW-1. Quantum theory of light-induced coherent lattice dynamics. I formulated a theoretical framework for 
describing the light-induced coherent lattice dynamics of solids.37 This formalism defines a route to directly 
investigate the structural response to intense electromagnetic fields, and it captures (i) quantum nuclear effects; 
(ii) lattice anharmonicities due to all phonons; (iii) electron-phonon and phonon-phonon coupling. Although a 
numerical implementation of this approach is yet to be realized, preliminary studies documented its capability 
to capture light-induced structural distortions and symmetry breaking.37  These advancements hold the promise 
to overcome the limitations of phenomenological models and define a new state of the art in the theoretical 
description of light-driven structural control. These preliminary investigations form the basis for exploring the 
structural response to extreme fields in DynamiX – where optical and phonon non-linearities prevail –enablig 
us to access regimes hitherto unexplored in the ultrafast dynamics of matter. 

PW-2. Ab-initio methods for ultrafast dynamics. My group coordinates the 
development of the time-dependent Boltzmann formalism38 in the EPW 
code, the state of the art for ultrafast dynamics simulations of electrons and 
phonons in presence of electron-phonon and phonon-phonon coupling.39 
We recently demonstrated its predictive power by capturing the complex 
dynamics of layered crystal lattices following photo-excitation.38,40,41 Our 
investigations guided the discovery of non-equilibrium phonon 
populations in black phosphorus40 (Fig. 1) and in the atomically-thin 
crystal MoS2.41 These methodologies are important prerequisites to go 
beyond the state of the art and investigate light-induced structural control 
in quantum materials from first-principles. These works further give us a 
strong track record in the computational investigations of ultrafast 
phenomena. The pool of algorithms and theories for time propagations 
developed in my group put us in a unique position to extend the frontiers 
of ab-initio modelling towards extreme fields. 

PW-3. Materials for light-induced phase transitions. We conducted extensive preliminary investigations of 
compounds suitable for light-induced structural control. During the years 2021-2022 I supervised 5 thesis 
projects dedicated to this topic (2 bachelor, 2 master, 1 PhD theses, available at https://cs2t.de/group). 
Materials considered thus far in my group include elemental semimetals (Sb, Te), the optically switchable 
ferroelectric perovskite LiNbO3, and the record-breaking thermoelectric SnSe, for which complex light-
induced structural changes have recently been demonstrated.42 We further have a strong track-record of 
working with transition-metal dichalcogenide, including semimetals (MoTe2, WTe2), semiconductors (HfS2, 
MoS2, WS2, etc.), and charge-density wave compounds (TaS2), which are ideal candidates for achieving optical 
switching. These preliminary numerical studies give us a strong background in the theoretical and 
computational modelling of (i) materials suitable for optical control and (ii) the fundamental interaction 
mechanisms that govern the dynamics.  

Figure 1. Phonons out of 
equilibrium probed via pump-
probe diffraction in black 
phosphorus. Blue (red) regions 
denotes loss (gain) of diffracted 
intensity. Adapted from Ref.2. 
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