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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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Ab-initio simulations of the non-equilibrium phonon dynamics:  
what can we learn? 
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Figure 3. Electron distribution function fnk superimposed to the band structure of monolayer MoS2. Energies
are relative to the Fermi level. At equilibrium (left), bands are occupied according to the Fermi-Dirac statistics
(Eq. (12)). Adapted from Ref. [144].

electron-phonon systems. In the TDBE, the dynamics of electronic and vibrational
excitations are described by changes of the electron and phonon distribution func-
tions fnk(t) and nq⌫(t), respectively, whereas electron and phonon energies are left
unchanged throughout the dynamics. At thermal equilibrium, fnk and nq⌫ are time
independent and they coincide with the Fermi-Dirac and the Bose-Einstein occupa-
tions f

0
nk and n

0
q⌫ :

f
0
nk(T ) =

h
e
("nk�"F)/kBT + 1

i�1
, (12)

n
0
q⌫(T ) =

h
e
~!q⌫/kBT � 1

i�1
. (13)

Here, "F is the Fermi energy, "nk is the single-particle energy of a Bloch electron, and
~!q⌫ the phonon energy. This case is exemplified by the left panel of Fig. 3, where
the Fermi-Dirac occupations are superimposed to the band structure of monolayer
MoS2, with yellow (blue) denoting fully occupied (empty) states with fnk = 1 (fnk =
0). In this framework, a regime of non-equilibrium requires either fnk or nq⌫ (or
both) to di↵er from the equilibrium Fermi-Dirac and the Bose-Einstein occupations,
as illustrated in the right panel of Fig. 3. The non-equilibrium distributions change
over time, and their dynamics is determined by the TDBE:

@tfnk(t) = �nk(t) (14)

@tnq⌫(t) = �q⌫(t) , (15)

where @t = @/@t and �nk and �q⌫ denote the collision integrals for electrons and
phonons. The numerical solution of Eqs. (14) and (15) requires the development of
suitable approximations for the evaluation of the collision integrals. In short, �nk and
�q⌫ account for the several scattering mechanisms which may lead to changes of the dis-
tributions functions as, e.g., electron-electron, electron-phonon, phonon-phonon, and
impurity scattering as well as the coupling to external fields. The recent development
of electronic structure codes for the study of electron-phonon and phonon-phonon cou-
pling has enabled to estimate the contribution of these scattering processes to collision
integrals, enabling the investigation of the coupled electron-phonon dynamics entirely
from first principles [33,59,134,143,144].
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Ultrafast dynamics simulations from first principles

Rethfeld, Kaiser et al., Phys. Rev. B 65, 214303 (2002) 
Bernardi, Louie et al., PNAS (2015) 
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Non-equilibrium phonon dynamics from the time-dependent Boltzmann equation (TDBE) 
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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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One-phonon term: 

I1(Q) ∝ ∑
v

nqv + 1/2
ωqv

𝔉1v(Q)
2

𝔉1v(Q) = ∑
κ

e−Wκ(Q) fκ(Q)
Mκ

(Q ⋅ eqvκ) 1-phonon 
structure factor

Modelling ultrafast diffuse scattering from first principles

q = k0 � k(1)

1

q = k0 � k(1)

1

Vibrating lattice 
(>1 atom per cell)

In order to make contact with the literature we define the quantity exp(�2WT )
as the Debye-Waller factor where:

2WT =
1

MNp

X

q⌫

X

↵↵0

S↵S↵0e⌫↵(q)e
⌫⇤
↵0(q)

�
Eq⌫,T (9)

and therefore we can write for the temperature dependent scattering intensity:

hI(S)iT = |f0|2exp(�2WT )
X

pp0

exp

⇢
S · [Rp �Rp0 ]

�
(10)

⇥ exp

⇢
1

MNp

X

q⌫

X

↵↵0

S↵S↵0e⌫↵(q)e
⌫⇤
↵0(q)

�
Eq⌫,T cos[q · (Rp �Rp0)]

�
.

The Debye-Waller exponential factor describes the attenuation of the scattered
intensity as a result of the vibrational motion of the atoms. Now we take
the Taylor expansion of the second exponential appearing after the summation
over p, p0 to obtain for the zero-phonon hI0(S)iT and one-phonon contribution
hI1(S)iT to the scattered intensity [2]:

hI0(S)iT = |f0|2exp(�2WT )
X

pp0

exp

⇢
iS · [Rp �Rp0 ]

�
(11)

hI1(S)iT = |f0|2exp(�2WT )
1

MNp

X

q⌫

X

↵↵0

S↵S↵0e⌫↵(q)e
⌫⇤
↵0(q)

�
Eq⌫,T

⇥
X

pp0

cos[q · (Rp �Rp0)]exp

⇢
iS · [Rp �Rp0 ]

�
. (12)

Using the standard textbook relation
P

p exp(iq ·Rp) = Np�q,G twice we can
rewrite the zero-phonon contribution to the scattered intensity as:

hI0(S)iT = N2
p |f0|2exp(�2WT )�S,G. (13)

The above expression shows that the zero-phonon contribution, related also to
the Laue’s interference function, has very sharp maxima whenever the scattering
vector S is equal to a reciprocal lattice vector G and is zero for all other values.
It also shows that the ratio between the elastic scattering intensity from a system
with the atoms vibrating at temperature T (oscillating target), and a system
with the atoms static at their equilibrium positions (static target) is reduced by
the Debye-Waller factor exp(�2WT ).

For the one-phonon contribution we can express the cosine function in terms
of exponentials and use again the standard textbook relation

P
p exp(iq ·Rp) =

3

Zero-phonon term: 

 phonon occupation  
(available from the 
TDBE)

G.L. Squires, Introduction to the Theory of Thermal Neutron Scattering (Cambridge University Press) 

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
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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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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
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to diffraction

Intensity of scattered radiation by a vibrating lattice
I1(Q) ∝ ∑
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nqv + 1/2
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κ
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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.
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Part 2 

Non-equilibrium lattice dynamics "a la carte”: 
opportunities for engineering phonons out of equilibrium
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Valley selective optical excitation in MoS2 

• three-fold rotational invariance

• non-centrosymmetryc crystal structure
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Ab-initio theory of coherent phonons in semimetals



Coherent phonons in experiments: the example of antimony

Pump-probe ARPES

S. SAKAMOTO et al. PHYSICAL REVIEW B 105, L161107 (2022)

FIG. 1. (a) Top and side views of the crystal structure of Sb. Blue and red arrows represent the atom displacement for the A1g and Eg

phonons, respectively. (b) Bulk and surface Brillouin zone of Sb. (c) Experimental geometry. (d) Equilibrium experimental angle-resolved
photoemission spectroscopy (ARPES) spectrum along the !-K direction. (e) and (h) Coherent phonon-induced binding-energy oscillations
and the Fourier power spectra for the bulk band, (f) and (i) the surface + bulk band, and (g) and (j) the surface band, marked by green, blue,
and red arrows in panel (d), respectively. The gray curves in panels (e)–(g) are fitted curves.

well described by the equilibrium concept of electron-phonon
coupling.

Our trARPES setup is based on a Ti : sapphire regenera-
tive amplifier outputting 1.5 eV, 35 fs pulses at a repetition
rate of 312 kHz [26]. The photon energy was quadrupled to
6.0 eV for the probe pulse by two stages of second harmonic
generation. The beam profiles for the pump and probe pulses
were 68 × 85 and 38 × 41 µm2 in full width at half maxi-
mum, respectively. The incident fluence of the 1.5 eV pump
was 0.17 mJ/cm2 and sufficiently weak to avoid a nonlinear
response. Previous work found a 9 mJ/cm2 threshold for
frequency chirping [27], and >1 mJ/cm2 leads to phonon
softening in the similar semimetal Bi [28]. Photoelectrons
were collected by a hemispherical analyzer, and spectra were
recorded as a function of pump-probe delay. The overall time
resolution was deduced to be 85 fs from cross-correlations of
pump and probe pulses. The measurement temperature was
20 K. The light incidence plane was along the mirror plane of
the sample, and the pump and probe light polarizations were
p and s, respectively, as shown in Fig. 1(c). Photoelectrons
are collected along the !-K direction of the surface Brillouin
zone as shown by a black arrow in Fig. 1(c). To detect weak
coherent phonon oscillations, our accumulated data required
correction of systematic drifts along the energy, momentum,
and time axes, as described in the Supplemental Material [29].

First-principle calculations were performed on a 9 Sb bi-
layer slab (18 Sb layers) with a 30 Å vacuum layer using
the full-potential augmented-plane-wave method as imple-
mented in the WIEN2K code [30]. Note that Sb bilayers become
topological with !8 bilayers according to a previous DFT
calculation [16]. The experimental lattice structure was used
for the calculation. For the exchange-correlation potential,
the generalized gradient approximation of the Perdew-Burke-

Ernzerhof parameterization [31] was employed with the
spin-orbit interaction taken into account. The Brillouin zone
integration was performed on a 20 × 20 × 1 k-point mesh.
We displaced Sb atoms by ±0.02, ±0.05, and ±0.1% of the
c-axis lattice constant (11.22 Å) along the trigonal axis for the
A1g phonon and by ±0.01, ±0.02, and ±0.05% perpendicular
to the trigonal axis for the Eg phonon. These displacement
values result in binding-energy shifts that are resolvable while
maintaining a linear relationship between the energy shift and
the displacement [29]. The displacement directions for the
A1g and Eg phonons are depicted by red and blue arrows in
Fig. 1(a), respectively. The band structures were calculated
for each displacement, and the obtained binding-energy shift
["εn(k)] as a function of atom displacement ("r) was fit-
ted by a linear function at each momentum to obtain the
proportionality constant "ε/"r, which corresponds to the
deformational potential. In this way, we could minimize and
characterize errors from the DFT calculations [29].

Figure 1(d) shows the equilibrium ARPES spectrum taken
along the !-K direction. The spectrum is consistent with pre-
vious studies [18,32] and has three sharp energy bands marked
by arrows in Fig. 1(d). The band marked by a green arrow is a
bulk band, while the band marked by a red arrow is a surface
band. The band marked by a blue arrow has surface character
near ! but has increasing bulk character as k increases (see
the Supplemental Material for the orbital character of each
band [29]). We thus refer to these three bands as the bulk band
(green arrow), the surface band (red arrow), and the surface +
bulk band (blue arrow) hereafter.

These surface and surface + bulk bands are Rashba-type
spin-split bands [32,33]. However, unlike usual Rashba sys-
tems, the inner band (surface band) connects to the conduction
band, while the outer band (surface + bulk band) connects
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spin-orbit interaction taken into account. The Brillouin zone
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Fig. 1(a), respectively. The band structures were calculated
for each displacement, and the obtained binding-energy shift
["εn(k)] as a function of atom displacement ("r) was fit-
ted by a linear function at each momentum to obtain the
proportionality constant "ε/"r, which corresponds to the
deformational potential. In this way, we could minimize and
characterize errors from the DFT calculations [29].

Figure 1(d) shows the equilibrium ARPES spectrum taken
along the !-K direction. The spectrum is consistent with pre-
vious studies [18,32] and has three sharp energy bands marked
by arrows in Fig. 1(d). The band marked by a green arrow is a
bulk band, while the band marked by a red arrow is a surface
band. The band marked by a blue arrow has surface character
near ! but has increasing bulk character as k increases (see
the Supplemental Material for the orbital character of each
band [29]). We thus refer to these three bands as the bulk band
(green arrow), the surface band (red arrow), and the surface +
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A1g and Eg phonons are depicted by red and blue arrows in
Fig. 1(a), respectively. The band structures were calculated
for each displacement, and the obtained binding-energy shift
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ted by a linear function at each momentum to obtain the
proportionality constant "ε/"r, which corresponds to the
deformational potential. In this way, we could minimize and
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band [29]). We thus refer to these three bands as the bulk band
(green arrow), the surface band (red arrow), and the surface +
bulk band (blue arrow) hereafter.
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tems, the inner band (surface band) connects to the conduction
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FIG. 2. Measured and simulated evolution of the intensity of different Bragg peaks in (a) the first picosecond after excitation and (b) in a
window of 15 picoseconds. Diamond symbols are used for PD peaks and circles denote Bragg peaks which are also present in the high-symmetry
phase. The thick solid lines in (a) are obtained from the MD simulations by convolution with a Gaussian function to account for the temporal
resolution of the experiment. Peak labels only denote the most prominent peaks of the fit.

experiments are only similar to a certain extent. Additionally,
the determination of an absolute change in intensity of single
peaks is, despite the elaborate data analysis, difficult due to
the diffracted intensity from the amorphous Si3N4, which is
why different scaling factors are applied. The convolution
reduces the amplitude of the oscillations and is an upper
limit of the time resolution of the experiment, as spatially
inhomogeneous excitation [19] might additionally decrease
the amplitude of the observed oscillations. The simulation
reveals that only the peaks related to the Peierls-like distortion
show a large decrease in amplitude, whereas the HS peaks
are predicted to minutely increase in intensity. The frequency
at the excitation density of the experiments is extracted from
the simulations to be 3.9 THz, corresponding to a significant
softening of the mode compared to the 4.5 THz observed in
experiments with low excitation densities [6] and in agreement
with the experimental data (Fig. 2). The amplitude of the Eg

mode, which can be observed in optical and x-ray diffraction
experiments [40,41], is too small to be detected here.

We quantify the incoherent energy transfer from electrons
to the lattice by solving the coupled differential equations
of a TTM, which describe the changes in electronic and
lattice temperature as a function of the temperature difference
between the two subsystems and compute the electron-phonon
coupling from our DFT simulations. The highly excited A1g

mode is excluded from this treatment, following Arnaud
et al. [18]. The energy content of the coherently excited A1g

mode is estimated to be insignificant in the entire energy
balance, justifying this approach. However, the assumption
of a thermal phonon distribution is questionable, as the
coupling of electrons to different phonon branches can vary
significantly [9,18].

The calculated electron-phonon coupling (see Sec. III) is
plotted in Fig. 3(b). We find a pronounced dependence of the
electron-phonon coupling on electronic temperature. A simi-
larly strong dependence has been reported for bismuth [18,42],

which has been explained as a consequence of the strongly
varying electronic density of states near the Fermi level. The
red dashed curves in Fig. 3(b) show the partial coupling
strength of electrons to the acoustic as well as to the optical
phonon branches. For all considered electron temperatures,
the incoherent electron-lattice interaction is dominated by
the coupling to optical phonons. This implies that the two-
temperature approximation fails in out-of-equilibrium states
and that a TTM might not accurately describe the microscopic
energy flow between electrons and lattice. As the TTM is the
commonly applied model, however, at first we continue by
fitting a TTM to our data, compare the obtained electron-
phonon coupling strength to our first principle values and
discuss the implications of nonthermal phonons thereafter.

We calculate the change of atomic mean square displace-
ment from the change of intensity of the HS Bragg peaks via
the relation

⟨u2⟩(t) −
〈
u2

0

〉
= − 3

4π2

ln(Irel,s(t))
s2

, (3)

where Irel,s is the relative intensity of the Bragg peak with
scattering vector s. Using tabulated values for the temperature
dependence of the Debye-Waller factor [43], the mean-square
displacement is converted into a lattice temperature, which
explicitly assumes the phonons to be in thermal equilibrium.
The MSD is plotted as a function of delay time in Fig. 3(c).

The coupled differential equations of the TTM are solved
and optimized numerically to best reproduce the experimental
values of the lattice temperature and are given by

Ce(Te)
∂Te

∂t
= −Gep(Te)(Te − Tl) + f (t − t0), (4a)

Cl(Tl)
∂Tl

∂t
= Gep(Te)(Te − Tl). (4b)

The function f models the temperature increase of the
electrons by a Gaussian function, the integral of which is
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FIG. 1. (a) Top and side views of the crystal structure of Sb. Blue and red arrows represent the atom displacement for the A1g and Eg

phonons, respectively. (b) Bulk and surface Brillouin zone of Sb. (c) Experimental geometry. (d) Equilibrium experimental angle-resolved
photoemission spectroscopy (ARPES) spectrum along the !-K direction. (e) and (h) Coherent phonon-induced binding-energy oscillations
and the Fourier power spectra for the bulk band, (f) and (i) the surface + bulk band, and (g) and (j) the surface band, marked by green, blue,
and red arrows in panel (d), respectively. The gray curves in panels (e)–(g) are fitted curves.

well described by the equilibrium concept of electron-phonon
coupling.

Our trARPES setup is based on a Ti : sapphire regenera-
tive amplifier outputting 1.5 eV, 35 fs pulses at a repetition
rate of 312 kHz [26]. The photon energy was quadrupled to
6.0 eV for the probe pulse by two stages of second harmonic
generation. The beam profiles for the pump and probe pulses
were 68 × 85 and 38 × 41 µm2 in full width at half maxi-
mum, respectively. The incident fluence of the 1.5 eV pump
was 0.17 mJ/cm2 and sufficiently weak to avoid a nonlinear
response. Previous work found a 9 mJ/cm2 threshold for
frequency chirping [27], and >1 mJ/cm2 leads to phonon
softening in the similar semimetal Bi [28]. Photoelectrons
were collected by a hemispherical analyzer, and spectra were
recorded as a function of pump-probe delay. The overall time
resolution was deduced to be 85 fs from cross-correlations of
pump and probe pulses. The measurement temperature was
20 K. The light incidence plane was along the mirror plane of
the sample, and the pump and probe light polarizations were
p and s, respectively, as shown in Fig. 1(c). Photoelectrons
are collected along the !-K direction of the surface Brillouin
zone as shown by a black arrow in Fig. 1(c). To detect weak
coherent phonon oscillations, our accumulated data required
correction of systematic drifts along the energy, momentum,
and time axes, as described in the Supplemental Material [29].

First-principle calculations were performed on a 9 Sb bi-
layer slab (18 Sb layers) with a 30 Å vacuum layer using
the full-potential augmented-plane-wave method as imple-
mented in the WIEN2K code [30]. Note that Sb bilayers become
topological with !8 bilayers according to a previous DFT
calculation [16]. The experimental lattice structure was used
for the calculation. For the exchange-correlation potential,
the generalized gradient approximation of the Perdew-Burke-

Ernzerhof parameterization [31] was employed with the
spin-orbit interaction taken into account. The Brillouin zone
integration was performed on a 20 × 20 × 1 k-point mesh.
We displaced Sb atoms by ±0.02, ±0.05, and ±0.1% of the
c-axis lattice constant (11.22 Å) along the trigonal axis for the
A1g phonon and by ±0.01, ±0.02, and ±0.05% perpendicular
to the trigonal axis for the Eg phonon. These displacement
values result in binding-energy shifts that are resolvable while
maintaining a linear relationship between the energy shift and
the displacement [29]. The displacement directions for the
A1g and Eg phonons are depicted by red and blue arrows in
Fig. 1(a), respectively. The band structures were calculated
for each displacement, and the obtained binding-energy shift
["εn(k)] as a function of atom displacement ("r) was fit-
ted by a linear function at each momentum to obtain the
proportionality constant "ε/"r, which corresponds to the
deformational potential. In this way, we could minimize and
characterize errors from the DFT calculations [29].

Figure 1(d) shows the equilibrium ARPES spectrum taken
along the !-K direction. The spectrum is consistent with pre-
vious studies [18,32] and has three sharp energy bands marked
by arrows in Fig. 1(d). The band marked by a green arrow is a
bulk band, while the band marked by a red arrow is a surface
band. The band marked by a blue arrow has surface character
near ! but has increasing bulk character as k increases (see
the Supplemental Material for the orbital character of each
band [29]). We thus refer to these three bands as the bulk band
(green arrow), the surface band (red arrow), and the surface +
bulk band (blue arrow) hereafter.

These surface and surface + bulk bands are Rashba-type
spin-split bands [32,33]. However, unlike usual Rashba sys-
tems, the inner band (surface band) connects to the conduction
band, while the outer band (surface + bulk band) connects
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to the trigonal axis for the Eg phonon. These displacement
values result in binding-energy shifts that are resolvable while
maintaining a linear relationship between the energy shift and
the displacement [29]. The displacement directions for the
A1g and Eg phonons are depicted by red and blue arrows in
Fig. 1(a), respectively. The band structures were calculated
for each displacement, and the obtained binding-energy shift
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ted by a linear function at each momentum to obtain the
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deformational potential. In this way, we could minimize and
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band [29]). We thus refer to these three bands as the bulk band
(green arrow), the surface band (red arrow), and the surface +
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FIG. I. Normalized pump-probe data of AR vs lime delay for a single-
crystal bismuth sample (oriented in the [Ill] direction) and for a bis-
muth film sample (800 A). Intensity oscillations with a period of 0.34 ps 
arc observed. Shown in the inset is the Fourier transform llR ( v) of the 
single crystal pump-probe data. The frequency of oscillation is 2.9 THz 
and corresponds to the A Ig mode_ The previously reported frequencies of 
the A ig mode at 2.9 THz and the Eg modl'S at 2.2 THz are indicated. 

are plotted as a function of time delay. (Results in Fig. 1 
are for both single-crystal bismuth and an 800 A bismuth 
film). These oscillations are found superimposed on a de-
caying background associated with the carrier relaxation 
dynamics of the system. However, in this letter we direct 
our attention to the oscillations in 6.R which we attribute 
to lattice vibrations that modify the index of refraction in 
the excited vOlume. We note that the observed modulation 
of the reflected intensity depends linearly on the change in 
index of refraction (A.n) and therefore linearly on the pho-
non amplitUde. Consequently, the pump-probe data can be 
related through a Fourier transform to the phonon fre-
quency spectrum directly without the frequency mixing 
terms introduced bv diffraction ISRS, where the observed 
intensity variation is proportional to (i:w) 2. 

The basis for a phonon-related interpretation of the 
oscillztory b.R is the obServation that the oscillation fre-
quency occurs at 2,9 THz in bismuth and 4.5 THz in an-
timony, as determined from the Fourier transform of the 
b.R plots shown in the insets of Figs. 1 and 2. These fre-
quencies are in excellent agreement with the A 1;; phonon 
frequencies obtained through spontaneous Raman 
scattering7•8 and through inelastic neutron scattering'l·lO 
(at k = 0) in bismuth THz) and antimony (-4.5 
THz). Because the penetration depth of the light is much 
larger than the lattice constant, the observed mode fre-
quency is in good agreement with that for the bulk A 19 
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FIG. 2. Normalized pump-probe data of llR liS time delay for single-
crystal antimony (oriented in the [111] direction J. Intensity oReitlations 
with a period of 0.22 ps are observed. Shown in the inset is the Fourier 
transform I:>R (v) of the pump-probe data. The frequency of oscillation is 
4.5 THz and corresponds to the AI mode. The previously reported fre-
quencies of the Aj mode at 4.5 THz and the Eg modes at 3.5 THz are 
indicated. 

phonons and not with that fer the surface phonons; we 
thus conclude that the coherent phonon generation is a 
bulk phenomenon and not a surface effect, 

The Fourier transform of the data also 
gives an estimate of the linewidth of the oscillation at the 
observed phonon frequencies. This linewid1h gives infor-
mation about the damping of the lattice ringing through 
the Q value (Q = v/dv). When compared to the sponta-
neous Raman scattering data, 8 the Q value for single-
crystal bismuth (Q-lO), extracted from the Fourier 
transfonn of t::.R versus time, is a factor of 2/3 smaller. In 
the case of single-crystal antimony, the Q value (Q - 23) is 
a factor 5/4 larger. 

To confirm that we were indeed observing an intrinsic 
property of the material and not an experimental artifact 
(e.g., mUltiple reflections of sound waves in the sample) 
the same pump-probe experiment was done on polycrys-
talline bismuth films of varying thicknesses, on poUshed 
polycrystaUine bismuth rods, and on single-crystal bis-
muth. In each case, oscillations in f..R with the same fre-
quency were found. However, the best signal-to-noise ra-
tios were achieved in the single-crystal samples. Similarly, 
the single-crystal antimony data demonstrated a better 
signal-to-noise ratio than the polycrystaHine antimony data 
(polished rod). 

Although both A 19 and E" modes have been observed 
in spontaneous Raman scattering experiments using single 
crystals,7,o our pump-probe data only indicate the excita-
tion of the fully symmetrical A 1g optical mode in both bis-
muth and antimony. If the excitation of the coherent pho-
nons were strictly a stimulated Raman process, one would 
expect to find Eg mode oscillations in the b.R pump-probe 
data with roughly 1/4 the amplitude of the A]g mode 
oscillations.7 A careful search for the Eg mode was made 
on antimony by considering different crystal faces ([ 111 J 
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Coherent phonons, light-induced coherent lattice vibrations in solids, provide a powerful route to
engineer structural and electronic degrees of freedom using light. In this manuscript, we formulate
an ab-initio theory of the displacive excitation of coherent phonons (DECP), the primary mechanism
for light-induced structural control in semimetals. Our study – based on the ab-initio simulations
of the ultrafast electron and coherent-phonon dynamics in presence of electron-phonon interactions
– establishes a predictive computational framework for describing the emergence of light-induced
structural changes and the ensuing transient band-structure renormalization arising from the DECP
mechanism. We validate this framework via a combined theoretical and experimental investigation of
coherent phonons in the elemental semimetal antimony. Via a Fourier analysis of time- and angle-
resolved photoemission spectroscopy (tr-ARPES) measurements, we retrieve informations about
transient spectral features and quasiparticle renormalization arising from the coherent A1g phonon
as a function of momentum, energy, time, and fluence. The qualitative and quantitative agree-
ment between experiment and theory corroborates the first-principles approach formulated in this
study. Besides advancing the fundamental understanding of electron-phonon interactions mediated
by coherent phonons, this study opens new opportunities for predictively engineering structural and
electronic degrees of freedom in semimetals via the DECP mechanism.

I. INTRODUCTION

Coherent phonons refer to the damped oscillations
experienced by a crystalline lattice following a time-
dependent perturbation, and they are a direct manifesta-
tion of light-induced structural changes in photo-excited
solids. They were first observed in the early 1990s in
pump-probe transient-reflectivity measurements of ele-
mental semimetals [1, 2] and since then they have been
detected and characterized in various material families
using a range of spectroscopy techniques [3–11]. In ad-
dition to time-resolved optical and scattering probes, co-
herent phonons have also been observed in tr-ARPES
studies in a wide range of di↵erent materials [7, 12–
19]. This technique stands out for its ability to study
the coupling of coherent phonons to the electronic de-
grees of freedom in an exceptionally direct, momentum-
and energy-resolved manner. The recent development
of frequency-domain angle-resolved photoemission spec-
troscopy (FD-ARPES) allows for a mode-resolved track-
ing of band-structure renormalization e↵ects caused by
coherent phonons [20–24]. Via a Fourier analysis, the
contributions of individual modes to changes in the band
structure can be disentangled, providing unprecedented
information on electron-phonon interactions mediated by
coherent phonons with energy, momentum, mode, and
time resolution.

The fundamental interests in coherent phonons is mo-
tivated by the wide possibilities they o↵er to direcly tailor
specific materials properties – as e.g. magnetism [25, 26],
ferroelectricity [27–29], topology [14, 15], and supercon-
ductivity [11, 30]. Additionally, they can serve as a pre-

FIG. 1. (a) Schematic representation of the DECP mech-
anism. U0 (Uexc) denotes the ground-state (excited-state)
potential-energy surface before (after) photoexcitation. Q is
an adimensional collective displacement amplitude of the lat-
tice along a fully-symmetric Raman-active phonon. (b) Char-
acteristic time-dependence of the displacement amplitude Q
for the DECP mechanism. Following excitation, the coher-
ent phonon dynamics is characterized by damped oscillations
with periodicity set by the phonon period Tph = 2⇡!�1

ph .

cursor to drive light-induced phase transitions [16, 31],
or to access hidden-metastable states unaccessible un-
der equilibrium conditions [32]. Coherent phonons can
be launched via a variety of excitation pathways, includ-
ing inelastic stimulated Raman scattering, ionic Raman
scattering, infrared absorption, and the displacive excita-
tion of coherent phonons (DECP)[33–36]. Among these,
the DECP mechanism constitutes the primary excitation
pathway for semimetals and it can play an important role
in photo-excited semiconductors.
In the DECP mechanism, the coherent motion of

the lattice is triggered by modifications of the electron-
density distribution due to photoabsorption [34]. Car-
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The electronic structure of antimony 4

FIG. 3. (a) Top and side view of the crystal structure of Sb. (b) Electron bulk band structure along the L-H-K-� high-
symmetry path in the Brillouin zone as obtained from DFT-PBE. The hexagonal non-primitive Brillouin zone of Sb is shown
as an inset and energies are relative to the Fermi energy. (c) Static ARPES spectrum I0 = I(t = �1 ps) obtained before
photoexcitation for energies and crystal momenta within the red rectangle in panel (b). In addition to bulk bands, measurements
reveal surface states and bands of hybrid surface-bulk character (not shown in panel (b)). (d) Di↵erence-intensity tr-ARPES
spectrum �I(t) = I(t) � I0 for a pump-probe delay t = 67 fs and an excitation fluence of 0.26 mJ cm�2. Red (blue) denotes
intensity gain (loss). The dashed oval marks the energy and momentum region exhibiting pronounced transient band-structure
renormalizations due to coupling with coherent phonons.

and the existence of a well-defined coherent phonon spec-
trum, it constitutes an ideal test case for the benchmark
and validation of the ab-initio approach formulated in
this manuscript. In particular, at the � point the phonon
dispersion obtained from DFPT (supplementary Fig. 1)
is characterized by a non-degenerate totally-symmetric
A1g mode and one doubly-degenerate Eg mode with fre-
quencies of 4.4 and 3.2 THz, respectively, which slightly
underestimate the experimental values (4.5 and 3.5 THz).
Coherent phonons of both A1g and Eg characters can be
excited in Sb, however, only the former obey symme-
try selection rules required to undergo excitation via the
DECP mechanism. Conversely, coherent Eg phonons re-
quire alternative excitation pathways (as, e.g., ionic Ra-
man scattering), which are higher-order in the interaction
[54].

The DFT-PBE band structure along the L-H-K-� path
is reported in Fig. 3 (b). Here and below, we consider
the non-primitive hexagonal unit cell (6 atoms per cell)
and Brillouin zone (illustrated in the inset of Fig. 3 (b)),
as this choice enables the straightforward identification
of the high-symmetry path probed by tr-ARPES on the
(0001) surface. A comparison of the primitive and non-
primitive structures and BZ is included in the supple-
mental material (SM). The Fermi surface is located in
the vicinity of the L point and the red rectangle marks
the region probed by the tr-ARPES measurements. The
static ARPES intensity I0 = I(t = �1 ps) along the
K-�-K path is reported in Fig. 3 (c) before photoexcita-
tion. The spectral features are in good agreement with
previous experimental works [55, 56] and reveal photoe-
mission signatures of di↵erent origins: one bulk band –
well captured by the bulk DFT calculation – as well as

surface and hybrid surface-bulk bands. The interfacial
origin of these spectral features is corroborated by com-
parison with DFT simulations for a finite slab consisting
of 16 Sb layers (see SM).
In Fig. 3 (d), we report the tr-ARPES di↵erence inten-

sity �I(t) = I(t) � I0 for a time delay of t = 67 fs after
excitation. Red (blue) colors denote intensity gain (loss).
For energies larger than �0.2 eV, the gain-loss pattern
predominantly reflects carrier photoexcitation above the
Fermi energy, with the ensuing depopulation of lower-
energy states. In the region within the dashed oval in
Fig. 3 (d) we further observe transient intensity renor-
malizations that are indicative of the excitation of co-
herent phonons. These gain-loss patterns arise from the
upward-downward shifting of the bulk band, and oscil-
late with a characteristic frequency that coincides with
the A1g mode frequency. These spectral fingerprints
are a direct manifestation of electron-phonon interac-
tions involving the bulk Sb band and the coherently-
driven A1g mode, and their dynamics reflects the tran-
sient band-structure renormalization driven by a photo-
induced structural change.

V. QUASIPARTICLE RENORMALIZATION VIA
COHERENT PHONONS IN ANTIMONY

To describe the coherent phonon dynamics triggered
by an electronic excitation in Sb, we solve Eqs. (2)-(4)
from first principles and determine the time-dependent
coherent-phonon amplitude Q⌫ . This procedure has been
applied to all zone-center optical phonons of Sb. Only the
A1g mode displays a coherent dynamics, whereas the Eg
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as an inset and energies are relative to the Fermi energy. (c) Static ARPES spectrum I0 = I(t = �1 ps) obtained before
photoexcitation for energies and crystal momenta within the red rectangle in panel (b). In addition to bulk bands, measurements
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intensity gain (loss). The dashed oval marks the energy and momentum region exhibiting pronounced transient band-structure
renormalizations due to coupling with coherent phonons.

and the existence of a well-defined coherent phonon spec-
trum, it constitutes an ideal test case for the benchmark
and validation of the ab-initio approach formulated in
this manuscript. In particular, at the � point the phonon
dispersion obtained from DFPT (supplementary Fig. 1)
is characterized by a non-degenerate totally-symmetric
A1g mode and one doubly-degenerate Eg mode with fre-
quencies of 4.4 and 3.2 THz, respectively, which slightly
underestimate the experimental values (4.5 and 3.5 THz).
Coherent phonons of both A1g and Eg characters can be
excited in Sb, however, only the former obey symme-
try selection rules required to undergo excitation via the
DECP mechanism. Conversely, coherent Eg phonons re-
quire alternative excitation pathways (as, e.g., ionic Ra-
man scattering), which are higher-order in the interaction
[54].

The DFT-PBE band structure along the L-H-K-� path
is reported in Fig. 3 (b). Here and below, we consider
the non-primitive hexagonal unit cell (6 atoms per cell)
and Brillouin zone (illustrated in the inset of Fig. 3 (b)),
as this choice enables the straightforward identification
of the high-symmetry path probed by tr-ARPES on the
(0001) surface. A comparison of the primitive and non-
primitive structures and BZ is included in the supple-
mental material (SM). The Fermi surface is located in
the vicinity of the L point and the red rectangle marks
the region probed by the tr-ARPES measurements. The
static ARPES intensity I0 = I(t = �1 ps) along the
K-�-K path is reported in Fig. 3 (c) before photoexcita-
tion. The spectral features are in good agreement with
previous experimental works [55, 56] and reveal photoe-
mission signatures of di↵erent origins: one bulk band –
well captured by the bulk DFT calculation – as well as

surface and hybrid surface-bulk bands. The interfacial
origin of these spectral features is corroborated by com-
parison with DFT simulations for a finite slab consisting
of 16 Sb layers (see SM).
In Fig. 3 (d), we report the tr-ARPES di↵erence inten-

sity �I(t) = I(t) � I0 for a time delay of t = 67 fs after
excitation. Red (blue) colors denote intensity gain (loss).
For energies larger than �0.2 eV, the gain-loss pattern
predominantly reflects carrier photoexcitation above the
Fermi energy, with the ensuing depopulation of lower-
energy states. In the region within the dashed oval in
Fig. 3 (d) we further observe transient intensity renor-
malizations that are indicative of the excitation of co-
herent phonons. These gain-loss patterns arise from the
upward-downward shifting of the bulk band, and oscil-
late with a characteristic frequency that coincides with
the A1g mode frequency. These spectral fingerprints
are a direct manifestation of electron-phonon interac-
tions involving the bulk Sb band and the coherently-
driven A1g mode, and their dynamics reflects the tran-
sient band-structure renormalization driven by a photo-
induced structural change.

V. QUASIPARTICLE RENORMALIZATION VIA
COHERENT PHONONS IN ANTIMONY

To describe the coherent phonon dynamics triggered
by an electronic excitation in Sb, we solve Eqs. (2)-(4)
from first principles and determine the time-dependent
coherent-phonon amplitude Q⌫ . This procedure has been
applied to all zone-center optical phonons of Sb. Only the
A1g mode displays a coherent dynamics, whereas the Eg
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mental material (SM). The Fermi surface is located in
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previous experimental works [55, 56] and reveal photoe-
mission signatures of di↵erent origins: one bulk band –
well captured by the bulk DFT calculation – as well as

surface and hybrid surface-bulk bands. The interfacial
origin of these spectral features is corroborated by com-
parison with DFT simulations for a finite slab consisting
of 16 Sb layers (see SM).
In Fig. 3 (d), we report the tr-ARPES di↵erence inten-

sity �I(t) = I(t) � I0 for a time delay of t = 67 fs after
excitation. Red (blue) colors denote intensity gain (loss).
For energies larger than �0.2 eV, the gain-loss pattern
predominantly reflects carrier photoexcitation above the
Fermi energy, with the ensuing depopulation of lower-
energy states. In the region within the dashed oval in
Fig. 3 (d) we further observe transient intensity renor-
malizations that are indicative of the excitation of co-
herent phonons. These gain-loss patterns arise from the
upward-downward shifting of the bulk band, and oscil-
late with a characteristic frequency that coincides with
the A1g mode frequency. These spectral fingerprints
are a direct manifestation of electron-phonon interac-
tions involving the bulk Sb band and the coherently-
driven A1g mode, and their dynamics reflects the tran-
sient band-structure renormalization driven by a photo-
induced structural change.

V. QUASIPARTICLE RENORMALIZATION VIA
COHERENT PHONONS IN ANTIMONY

To describe the coherent phonon dynamics triggered
by an electronic excitation in Sb, we solve Eqs. (2)-(4)
from first principles and determine the time-dependent
coherent-phonon amplitude Q⌫ . This procedure has been
applied to all zone-center optical phonons of Sb. Only the
A1g mode displays a coherent dynamics, whereas the Eg
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FIG. 1. (a) Top and side views of the crystal structure of Sb. Blue and red arrows represent the atom displacement for the A1g and Eg

phonons, respectively. (b) Bulk and surface Brillouin zone of Sb. (c) Experimental geometry. (d) Equilibrium experimental angle-resolved
photoemission spectroscopy (ARPES) spectrum along the !-K direction. (e) and (h) Coherent phonon-induced binding-energy oscillations
and the Fourier power spectra for the bulk band, (f) and (i) the surface + bulk band, and (g) and (j) the surface band, marked by green, blue,
and red arrows in panel (d), respectively. The gray curves in panels (e)–(g) are fitted curves.

well described by the equilibrium concept of electron-phonon
coupling.

Our trARPES setup is based on a Ti : sapphire regenera-
tive amplifier outputting 1.5 eV, 35 fs pulses at a repetition
rate of 312 kHz [26]. The photon energy was quadrupled to
6.0 eV for the probe pulse by two stages of second harmonic
generation. The beam profiles for the pump and probe pulses
were 68 × 85 and 38 × 41 µm2 in full width at half maxi-
mum, respectively. The incident fluence of the 1.5 eV pump
was 0.17 mJ/cm2 and sufficiently weak to avoid a nonlinear
response. Previous work found a 9 mJ/cm2 threshold for
frequency chirping [27], and >1 mJ/cm2 leads to phonon
softening in the similar semimetal Bi [28]. Photoelectrons
were collected by a hemispherical analyzer, and spectra were
recorded as a function of pump-probe delay. The overall time
resolution was deduced to be 85 fs from cross-correlations of
pump and probe pulses. The measurement temperature was
20 K. The light incidence plane was along the mirror plane of
the sample, and the pump and probe light polarizations were
p and s, respectively, as shown in Fig. 1(c). Photoelectrons
are collected along the !-K direction of the surface Brillouin
zone as shown by a black arrow in Fig. 1(c). To detect weak
coherent phonon oscillations, our accumulated data required
correction of systematic drifts along the energy, momentum,
and time axes, as described in the Supplemental Material [29].

First-principle calculations were performed on a 9 Sb bi-
layer slab (18 Sb layers) with a 30 Å vacuum layer using
the full-potential augmented-plane-wave method as imple-
mented in the WIEN2K code [30]. Note that Sb bilayers become
topological with !8 bilayers according to a previous DFT
calculation [16]. The experimental lattice structure was used
for the calculation. For the exchange-correlation potential,
the generalized gradient approximation of the Perdew-Burke-

Ernzerhof parameterization [31] was employed with the
spin-orbit interaction taken into account. The Brillouin zone
integration was performed on a 20 × 20 × 1 k-point mesh.
We displaced Sb atoms by ±0.02, ±0.05, and ±0.1% of the
c-axis lattice constant (11.22 Å) along the trigonal axis for the
A1g phonon and by ±0.01, ±0.02, and ±0.05% perpendicular
to the trigonal axis for the Eg phonon. These displacement
values result in binding-energy shifts that are resolvable while
maintaining a linear relationship between the energy shift and
the displacement [29]. The displacement directions for the
A1g and Eg phonons are depicted by red and blue arrows in
Fig. 1(a), respectively. The band structures were calculated
for each displacement, and the obtained binding-energy shift
["εn(k)] as a function of atom displacement ("r) was fit-
ted by a linear function at each momentum to obtain the
proportionality constant "ε/"r, which corresponds to the
deformational potential. In this way, we could minimize and
characterize errors from the DFT calculations [29].

Figure 1(d) shows the equilibrium ARPES spectrum taken
along the !-K direction. The spectrum is consistent with pre-
vious studies [18,32] and has three sharp energy bands marked
by arrows in Fig. 1(d). The band marked by a green arrow is a
bulk band, while the band marked by a red arrow is a surface
band. The band marked by a blue arrow has surface character
near ! but has increasing bulk character as k increases (see
the Supplemental Material for the orbital character of each
band [29]). We thus refer to these three bands as the bulk band
(green arrow), the surface band (red arrow), and the surface +
bulk band (blue arrow) hereafter.

These surface and surface + bulk bands are Rashba-type
spin-split bands [32,33]. However, unlike usual Rashba sys-
tems, the inner band (surface band) connects to the conduction
band, while the outer band (surface + bulk band) connects

L161107-2

S. SAKAMOTO et al. PHYSICAL REVIEW B 105, L161107 (2022)

FIG. 1. (a) Top and side views of the crystal structure of Sb. Blue and red arrows represent the atom displacement for the A1g and Eg

phonons, respectively. (b) Bulk and surface Brillouin zone of Sb. (c) Experimental geometry. (d) Equilibrium experimental angle-resolved
photoemission spectroscopy (ARPES) spectrum along the !-K direction. (e) and (h) Coherent phonon-induced binding-energy oscillations
and the Fourier power spectra for the bulk band, (f) and (i) the surface + bulk band, and (g) and (j) the surface band, marked by green, blue,
and red arrows in panel (d), respectively. The gray curves in panels (e)–(g) are fitted curves.
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tive amplifier outputting 1.5 eV, 35 fs pulses at a repetition
rate of 312 kHz [26]. The photon energy was quadrupled to
6.0 eV for the probe pulse by two stages of second harmonic
generation. The beam profiles for the pump and probe pulses
were 68 × 85 and 38 × 41 µm2 in full width at half maxi-
mum, respectively. The incident fluence of the 1.5 eV pump
was 0.17 mJ/cm2 and sufficiently weak to avoid a nonlinear
response. Previous work found a 9 mJ/cm2 threshold for
frequency chirping [27], and >1 mJ/cm2 leads to phonon
softening in the similar semimetal Bi [28]. Photoelectrons
were collected by a hemispherical analyzer, and spectra were
recorded as a function of pump-probe delay. The overall time
resolution was deduced to be 85 fs from cross-correlations of
pump and probe pulses. The measurement temperature was
20 K. The light incidence plane was along the mirror plane of
the sample, and the pump and probe light polarizations were
p and s, respectively, as shown in Fig. 1(c). Photoelectrons
are collected along the !-K direction of the surface Brillouin
zone as shown by a black arrow in Fig. 1(c). To detect weak
coherent phonon oscillations, our accumulated data required
correction of systematic drifts along the energy, momentum,
and time axes, as described in the Supplemental Material [29].

First-principle calculations were performed on a 9 Sb bi-
layer slab (18 Sb layers) with a 30 Å vacuum layer using
the full-potential augmented-plane-wave method as imple-
mented in the WIEN2K code [30]. Note that Sb bilayers become
topological with !8 bilayers according to a previous DFT
calculation [16]. The experimental lattice structure was used
for the calculation. For the exchange-correlation potential,
the generalized gradient approximation of the Perdew-Burke-

Ernzerhof parameterization [31] was employed with the
spin-orbit interaction taken into account. The Brillouin zone
integration was performed on a 20 × 20 × 1 k-point mesh.
We displaced Sb atoms by ±0.02, ±0.05, and ±0.1% of the
c-axis lattice constant (11.22 Å) along the trigonal axis for the
A1g phonon and by ±0.01, ±0.02, and ±0.05% perpendicular
to the trigonal axis for the Eg phonon. These displacement
values result in binding-energy shifts that are resolvable while
maintaining a linear relationship between the energy shift and
the displacement [29]. The displacement directions for the
A1g and Eg phonons are depicted by red and blue arrows in
Fig. 1(a), respectively. The band structures were calculated
for each displacement, and the obtained binding-energy shift
["εn(k)] as a function of atom displacement ("r) was fit-
ted by a linear function at each momentum to obtain the
proportionality constant "ε/"r, which corresponds to the
deformational potential. In this way, we could minimize and
characterize errors from the DFT calculations [29].

Figure 1(d) shows the equilibrium ARPES spectrum taken
along the !-K direction. The spectrum is consistent with pre-
vious studies [18,32] and has three sharp energy bands marked
by arrows in Fig. 1(d). The band marked by a green arrow is a
bulk band, while the band marked by a red arrow is a surface
band. The band marked by a blue arrow has surface character
near ! but has increasing bulk character as k increases (see
the Supplemental Material for the orbital character of each
band [29]). We thus refer to these three bands as the bulk band
(green arrow), the surface band (red arrow), and the surface +
bulk band (blue arrow) hereafter.

These surface and surface + bulk bands are Rashba-type
spin-split bands [32,33]. However, unlike usual Rashba sys-
tems, the inner band (surface band) connects to the conduction
band, while the outer band (surface + bulk band) connects
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FIG. 3. (a) Top and side view of the crystal structure of Sb. (b) Electron bulk band structure along the L-H-K-� high-
symmetry path in the Brillouin zone as obtained from DFT-PBE. The hexagonal non-primitive Brillouin zone of Sb is shown
as an inset and energies are relative to the Fermi energy. (c) Static ARPES spectrum I0 = I(t = �1 ps) obtained before
photoexcitation for energies and crystal momenta within the red rectangle in panel (b). In addition to bulk bands, measurements
reveal surface states and bands of hybrid surface-bulk character (not shown in panel (b)). (d) Di↵erence-intensity tr-ARPES
spectrum �I(t) = I(t) � I0 for a pump-probe delay t = 67 fs and an excitation fluence of 0.26 mJ cm�2. Red (blue) denotes
intensity gain (loss). The dashed oval marks the energy and momentum region exhibiting pronounced transient band-structure
renormalizations due to coupling with coherent phonons.

and the existence of a well-defined coherent phonon spec-
trum, it constitutes an ideal test case for the benchmark
and validation of the ab-initio approach formulated in
this manuscript. In particular, at the � point the phonon
dispersion obtained from DFPT (supplementary Fig. 1)
is characterized by a non-degenerate totally-symmetric
A1g mode and one doubly-degenerate Eg mode with fre-
quencies of 4.4 and 3.2 THz, respectively, which slightly
underestimate the experimental values (4.5 and 3.5 THz).
Coherent phonons of both A1g and Eg characters can be
excited in Sb, however, only the former obey symme-
try selection rules required to undergo excitation via the
DECP mechanism. Conversely, coherent Eg phonons re-
quire alternative excitation pathways (as, e.g., ionic Ra-
man scattering), which are higher-order in the interaction
[54].

The DFT-PBE band structure along the L-H-K-� path
is reported in Fig. 3 (b). Here and below, we consider
the non-primitive hexagonal unit cell (6 atoms per cell)
and Brillouin zone (illustrated in the inset of Fig. 3 (b)),
as this choice enables the straightforward identification
of the high-symmetry path probed by tr-ARPES on the
(0001) surface. A comparison of the primitive and non-
primitive structures and BZ is included in the supple-
mental material (SM). The Fermi surface is located in
the vicinity of the L point and the red rectangle marks
the region probed by the tr-ARPES measurements. The
static ARPES intensity I0 = I(t = �1 ps) along the
K-�-K path is reported in Fig. 3 (c) before photoexcita-
tion. The spectral features are in good agreement with
previous experimental works [55, 56] and reveal photoe-
mission signatures of di↵erent origins: one bulk band –
well captured by the bulk DFT calculation – as well as

surface and hybrid surface-bulk bands. The interfacial
origin of these spectral features is corroborated by com-
parison with DFT simulations for a finite slab consisting
of 16 Sb layers (see SM).
In Fig. 3 (d), we report the tr-ARPES di↵erence inten-

sity �I(t) = I(t) � I0 for a time delay of t = 67 fs after
excitation. Red (blue) colors denote intensity gain (loss).
For energies larger than �0.2 eV, the gain-loss pattern
predominantly reflects carrier photoexcitation above the
Fermi energy, with the ensuing depopulation of lower-
energy states. In the region within the dashed oval in
Fig. 3 (d) we further observe transient intensity renor-
malizations that are indicative of the excitation of co-
herent phonons. These gain-loss patterns arise from the
upward-downward shifting of the bulk band, and oscil-
late with a characteristic frequency that coincides with
the A1g mode frequency. These spectral fingerprints
are a direct manifestation of electron-phonon interac-
tions involving the bulk Sb band and the coherently-
driven A1g mode, and their dynamics reflects the tran-
sient band-structure renormalization driven by a photo-
induced structural change.

V. QUASIPARTICLE RENORMALIZATION VIA
COHERENT PHONONS IN ANTIMONY

To describe the coherent phonon dynamics triggered
by an electronic excitation in Sb, we solve Eqs. (2)-(4)
from first principles and determine the time-dependent
coherent-phonon amplitude Q⌫ . This procedure has been
applied to all zone-center optical phonons of Sb. Only the
A1g mode displays a coherent dynamics, whereas the Eg
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trum, it constitutes an ideal test case for the benchmark
and validation of the ab-initio approach formulated in
this manuscript. In particular, at the � point the phonon
dispersion obtained from DFPT (supplementary Fig. 1)
is characterized by a non-degenerate totally-symmetric
A1g mode and one doubly-degenerate Eg mode with fre-
quencies of 4.4 and 3.2 THz, respectively, which slightly
underestimate the experimental values (4.5 and 3.5 THz).
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excited in Sb, however, only the former obey symme-
try selection rules required to undergo excitation via the
DECP mechanism. Conversely, coherent Eg phonons re-
quire alternative excitation pathways (as, e.g., ionic Ra-
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the non-primitive hexagonal unit cell (6 atoms per cell)
and Brillouin zone (illustrated in the inset of Fig. 3 (b)),
as this choice enables the straightforward identification
of the high-symmetry path probed by tr-ARPES on the
(0001) surface. A comparison of the primitive and non-
primitive structures and BZ is included in the supple-
mental material (SM). The Fermi surface is located in
the vicinity of the L point and the red rectangle marks
the region probed by the tr-ARPES measurements. The
static ARPES intensity I0 = I(t = �1 ps) along the
K-�-K path is reported in Fig. 3 (c) before photoexcita-
tion. The spectral features are in good agreement with
previous experimental works [55, 56] and reveal photoe-
mission signatures of di↵erent origins: one bulk band –
well captured by the bulk DFT calculation – as well as

surface and hybrid surface-bulk bands. The interfacial
origin of these spectral features is corroborated by com-
parison with DFT simulations for a finite slab consisting
of 16 Sb layers (see SM).
In Fig. 3 (d), we report the tr-ARPES di↵erence inten-

sity �I(t) = I(t) � I0 for a time delay of t = 67 fs after
excitation. Red (blue) colors denote intensity gain (loss).
For energies larger than �0.2 eV, the gain-loss pattern
predominantly reflects carrier photoexcitation above the
Fermi energy, with the ensuing depopulation of lower-
energy states. In the region within the dashed oval in
Fig. 3 (d) we further observe transient intensity renor-
malizations that are indicative of the excitation of co-
herent phonons. These gain-loss patterns arise from the
upward-downward shifting of the bulk band, and oscil-
late with a characteristic frequency that coincides with
the A1g mode frequency. These spectral fingerprints
are a direct manifestation of electron-phonon interac-
tions involving the bulk Sb band and the coherently-
driven A1g mode, and their dynamics reflects the tran-
sient band-structure renormalization driven by a photo-
induced structural change.
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To describe the coherent phonon dynamics triggered
by an electronic excitation in Sb, we solve Eqs. (2)-(4)
from first principles and determine the time-dependent
coherent-phonon amplitude Q⌫ . This procedure has been
applied to all zone-center optical phonons of Sb. Only the
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Heisenberg 
eq. of motion:   iℏ

∂Q̂qν(t)
∂t

= [Q̂qν, Ĥ]

Ab-initio approach to coherent phonons in materials (DECP)

Q̂qν
Displacement  
along phonon  :   qν

3

given by:

Ĥpp =
1

3!

X

qq0q00

X

⌫⌫0⌫00

 (3)
⌫⌫0⌫00

qq0q00
Q̂q⌫Q̂q0⌫0Q̂q00⌫00 (5)

+
1

4!

X

qq0q00q000

X

⌫⌫0⌫00⌫000

 (4)
⌫⌫0⌫00⌫000

qq0q00q000
Q̂q⌫Q̂q0⌫0Q̂q00⌫00Q̂q000⌫000 ,

 (3) and  (4) are the third- and fourth-order phonon-
phonon coupling matrix elements corresponding to the
partial derivatives of the potential energy surface with
respect to the phonon modes.  (3) and  (4) can be eval-
uated entirely from first principles via finite di↵erence
[52–54] or via stochastic approaches based on ab-initio
molecular dynamics [55, 56]. The electron-phonon cou-
pling Hamiltonian is given by [57]:

Ĥeph = N
� 1

2
p

X

mnk

X

q⌫

g
⌫
mn(k,q)ĉ

†
mk+qĉnkQ̂q⌫ . (6)

ĉ
†
nk and ĉnk denote fermionic creation and annihilation
operators, respectively, g⌫mn(k,q) is the electron-phonon
coupling matrix element, and Np is the number of q-
points.

For electromagnetic fields with frequencies in the IR
range, the coupling to the field can be expressed as:

ĤIR = �e

X

p

E(t) · Z*
 ·�⌧̂p . (7)

For sake of completeness, the derivation of Eq. (7) is
reported in Appendix B. Z*

 is the Born e↵ective-charge
tensor [58, 59], E(t) is a time-dependent electric field,
and �⌧̂p denotes the displacement of the -th nucleus
in the p-th unit cell from its equilibrium configuration,
which can be written as a linear combination of normal
modes [57]:

�⌧̂p =

✓
M0

NpM

◆ 1
2 X

q⌫

e
iq·Rpeq⌫ lq⌫Q̂q⌫ . (8)

Here, M0 is an arbitrary reference mass, M is the mass
of the -th nucleus, eq⌫ are the phonon eigenvectors,

and lq⌫ = (~/2!q⌫M0)
1
2 is the characteristic length of

a quantum harmonic oscillator with mass M0 and fre-
quency !q⌫ . The position operator ⌧̂p is related to the
displacement �⌧̂p by ⌧̂p = Rp + ⌧ +�⌧̂p, where Rp

is a crystal-lattice vector, and ⌧ is the equilibrium coor-
dinate of the -th nucleus in the unit cell, as illustrated
schematically in Fig. 2.

The operator �⌧̂p is a key quantity for the study of
the lattice dynamics: its expectation value �⌧p(t) =
h�⌧̂p(t)i quantifies the displacement of a given nucleus
from its equilibrium position at time t, and describes the
coherent nuclear dynamics of the lattice. In the absence
of a radiation field, the eigenstates of a harmonic lattice
are the eigenstates |�ni of the Hamiltonian Ĥph. They

Figure 2. Schematic illustration of the Born-von-Karman su-
percell and of the notation adopted to denote the nuclear
displacements from equilibrium.

satisfy h�n|Q̂q⌫ |�ni = 0, thus, leading to vanishing dis-
placements ⌧p(t) = 0. This is also the case for incoher-
ent phonons which do not contribute to the average dis-
placement of the nuclei. It is clear from the definition in
Eq. (8) that a prerequisite for having non-vanishing dis-
placements of the nuclear wave packets from equilibrium
(�⌧p 6= 0) is the expectation value of the operator Q̂q⌫

to be finite, i.e., Qq⌫ = hQ̂q⌫i 6= 0 [19]. Before proceed-
ing to discuss how this condition is realized, we briefly
outline the TDBE and its application to the description
of the incoherent lattice dynamics.

III. INCOHERENT PHONONS AND THE
TIME-DEPENDENT BOLTZMANN EQUATION

The TDBE is a well-established formalism to investi-
gate the incoherent lattice dynamics and determine the
change of phonon population nq⌫ for a vibrating lattice
subject to external perturbations [32]. The influence of
the electron-phonon coupling on the dynamics of phonons
has been subject of several ab-initio studies based on the
TDBE approach [30, 31, 34, 60]. In the following, we
briefly discuss the application of the TDBE to the lattice
dynamics of polar semiconductors interacting with a THz
field. In this case, all bands are either filled or empty (i.e.,
we consider thermal energies kBT significantly smaller
than the fundamental band gap), and electron-phonon
interactions are inconsequential for the dynamics. The
TDBE reads:

@tnq⌫ = �IRq⌫(t) + �
pp
q⌫(t) , (9)

with @t = @/@t. Here, �ppq⌫ is the scattering rate due to
phonon-phonon interactions, which can be obtained by

··Qqν + γqν
·Qqν + ω2

qνQqν = Dqν(t)
Driven-damped harmonic oscillator:

Displacive excitation of coherent phonons (DECP): 

Deph
qν (t) = −

ωqν

ℏN
1
2
p

∑
nk

gν
nn(k, q)[ fnk(t) − fnk(0)]δq,0

change of electron 
distribution (TDBE)

matrix 
element (EPI)
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modes do not satisfy the symmetry selection rules out-
lined in Sec. II, leading to vanishing coherent amplitude.

The calculated coherent-phonon amplitude QA1g for
the A1g mode is marked in blue in Fig. 4 (a). It is
characterized by periodic and damped cosine-like oscil-
lations, with an oscillation period equal to the phonon
period T⌫ = 2⇡!�1

⌫ = 0.22 ps. In the simulations, we ex-
plicitly account for coherent-phonon damping due to the
phonon-phonon interaction [57] via the scattering rate
�⌫ = 0.5 ps�1. This quantity is estimated from ab-initio
finite-di↵erence calculations of the third-order force con-
stant tensor (see Appendix B) and it is accounted for
by inclusion of a term �⌫@tQ⌫ in the left-hand side of
Eq. (2). For comparison, Fig. 4 (a) further illustrates
the time-dependent modulation of the tr-ARPES signal
averaged over di↵erent spectral region marked by the
black rectangle in Fig. 4 (d). The experimental curves in
Fig. 4 (a) have been scaled to match the amplitude of the
first maximum of the calculated coherent phonon ampli-
tude. The oscillation frequencies and damping of the tr-
ARPES data agree well with ab-initio simulations. Our
results are further consistent with timescales of coherent-
phonon damping revealed by earlier experimental studies
and further support the identification of phonon-phonon
scattering as the primary source of damping. [58–60].

We further illustrate in Fig. 4 (b) the Fourier trans-
form of the calculated and measured coherent-phonon
oscillations from panel (a). The Fourier analysis con-
firms that the frequency of the A1g mode (4.4 THz)
dominate the coherent-phonon oscillations. Additionally,
Fig. 4 (b) indicates that the peak broadening of calcu-
lated Fourier amplitudes agree well with the measure-
ments. This linewidth coincides with the inverse phonon-
phonon scattering time for A1g mode. Besides consol-
idating the interpretation of phonon-phonon scattering
as the primary mechanism for coherent-phonon damp-
ing, this analysis demonstrates the possibility to quanti-
tatively estimate phonon lifetimes from FD-ARPES.

In the following, we proceed to describe band-structure
renormalization e↵ects mediated by coherent phonons
within a perturbative many-body framework. Under
equilibrium conditions, the phonon-assisted renormaliza-
tion of the electron-band structures is well understood
and it provides the basis for understanding the temper-
ature dependence of the electronic properties of solids.
At equilibrium, quasiparticle energies are renormalized
by the inclusion of a self-energy correction [42]:

"
QP
nk = "nk +Re⌃nk("

QP
nk ) (5)

Here, ⌃nk is the electron self-energy due to the electron-
phonon interaction, which includes the Fan-Migdal ⌃FM

and Debye-Waller terms ⌃DW. In presence of light-
induced structural changes, an additional self-energy
term contribute to the band structure renormalization
[43, 61, 62]:

⌃p
nk(t) =

X

q⌫

g
⌫
nn(k,q)Qq⌫(t). (6)

This term arises from the perturbative correction of the
single-particle eigenvalues at first-order in the electron-
phonon interaction. While it vanishes identically at
equilibrium (Qq⌫ = 0), this term is directly responsi-
ble for the band-structure renormalization due coherent
phonons. We point out that Eq. (6) is formally identi-
cal to the polaron self-energy introduced in the many-
body polaron theory [61, 63], and its appearance is also
consistent with a formulation of the coupled electron-
phonon dynamics based on non-equilibrium Green’s func-
tions [43, 62]. For consistency with earlier works, we
therefore refer to Eq. (6) as the polaron self-energy.
In order to account for coherent-phonon renormaliza-

tion of the electronic properties, we evaluate the time-
dependent electron spectral function according to:

A(!, t) =
X

nk

⇡
�1Im⌃nk

[~! � "nk � Re⌃nk]
2 + [Im⌃nk]

2 (7)

Here, the total time- and frequency-dependent self-
energy is defined as ⌃nk(!, t) = ⌃FM

nk (!) + ⌃p
nk(t). In

short, the spectral function A(!; t) accounts for static
phonon-assisted renormalization of the band structure
via the Fan-Migdal term, whereas time-dependent ef-
fects due coherent phonons are introduced via the po-
laron self-energy. Similarly to earlier studies, the Debye-
Waller contribution is approximately accounted for by
enforcing particle conservation. We further account for
optical selection rules via inclusion of the dipole matrix
elements in the spectral function (see discussion in Ap-
pendix B 2), and for finite experimental resolution by ap-
plying a 40 meV broadening to the spectral function.
Figure 4 (c) displays the calculated transient spectral

function �A(!, t) = A(!, t) � A(!, 0) for a time delay
of t = 67 fs after photo-excitation, which corresponds
to the first maximum in Fig. 4 (a). To match initial
conditions for simulations and experiments, we set the
initial excited-state energy in our calculations to match
the estimated absorbed pump-energy per unit cell. A de-
tailed discussion of this procedure is provided in the Ap-
pendix C. The intensity gain and loss patterns – marked
in the red and blue, respectively – reflect an upward
renormalization of the bulk electron band owing to the
coupling with the coherent A1g phonon, and it oscillates
following the time profile of Fig. 4 (a).
In Fig. 4 (d), we report the measured tr-ARPES tran-

sient spectral function at the same time delay t for an
incident fluence of 0.26 mJ cm�2. The calculated gain-
loss pattern as well as its time dependence are in good
agreement with tr-ARPES measurements. In the vicinity
of the Fermi energy, tr-ARPES measurements are sensi-
tive to the surface band, which manifests itself as a high-
intensity feature in the top-right corner of Fig. 4 (d).
These features dominate the transient spectral intensity
above �0.2 eV below the Fermi energy, overshadowing
the energy renormalization of the bulk band. Surface
bands, however, couple negligibly to coherent phonons as
compared to bulk states, and they exhibit much weaker
intensity oscillations [56, 64].

Quasiparticle energy renormalization due to coherent phonons: 

εQP
nk = εnk + Σp

nk

FC, M. Zacharias, PRB 107, 054102 (2023)

Lattice 
Hamiltonian: Ĥ = Ĥph + Ĥe−ph + Ĥph−ph

damping driving force



Workflow for DECP simulations 

DFT, DFPT: εnk, ℏωqν
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excited-state Ansatz: f exc
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FIG. 4. (a) Displacement amplitude of the A1g mode as obtained from the solution of the coherent-phonon equation of
motion [Eq. (2)]. For comparison, we report the oscillation of the transient tr-ARPES signals taken within the regions of
interest marked by a black rectangle in (d). (b) Fourier transform of the tr-ARPES signals and the displacement amplitude
in (a). Simulations (c) and measurements (d) of changes in the tr-ARPES spectral function at a time delay of 67 fs after
photoexcitation for crystal momenta in the vicinity of the � point. Red (blue) denotes intensity gain (loss), and an incident
pump fluence of 0.26 mJ cm�2 was considered. Theory (e) and experimental (f) FD-ARPES map obtained from the Fourier
analysis of the time-resolved spectral functions at the frequency of the A1g-mode of Sb. (e) Comparison between simulations
and measurements for the maximum Fourier amplitude in the FD-ARPES map, as a function of energy. MB: In Fig. 4(a)
the experimental damping seems to be somewhat larger than the calculated (same is implied by Fig 5(b)). On the other, the
Fourier analysis (4(b)) shows a very good agreement in the linewidth. Could it be that we observe in the experimental data a
litte bit of a distortion due to a beating from interaction with the low-freqeuncy shoulder next to the peak only visible in the
experimental data? - if yes, we should mention it and also add a short comment on the origin of the shoulder. Fig. (e) and (f)
a striking di↵erence is the missing bright center line of the FD-ARPES-signal in the experimental data. We should comment
this point

In Figs. 4 (e) and 4 (f), we report the theoretical
and experimental FD-ARPES spectra obtained from the
Fourier transformation of the tr-ARPES spectral func-
tions for a fluence of 0.26 mJ cm�2. The maximum
Fourier amplitude of experiment (theory) is obtained at
a frequency !exp = 4.5 THz (!theo = 4.4 THz), which
coincides with the oscillation of the A1g mode. Overall,
FD-ARPES filters out the spectral features that do not
exhibit an oscillatory component, thereby highlighting
electronic states that are strongly coupled to the coher-
ent phonons. The intensity of the surface states, con-
versely, is suppressed owing to their weak coupling to
the A1g-mode. In Fig. 4 (g), we report the maximum
Fourier amplitude as a function of energy. The highest
Fourier amplitude is obtained at -0.2 eV and it decreases
at lower energies. This trend is well reproduced by our
ab-initio calculations across the full energy range of the
measurements, and it can be attributed to a suppression
of the tr-ARPES intensity in the vicinity of the � point.

VI. FLUENCE-DEPENDENT
BAND-STRUCTURE RENORMALIZATION

Having established a predictive ab-initio framework for
the analysis of coherent phonons in semimetals, we pro-
ceed to explore to which extent quasiparticle renormal-
ization e↵ects can be tailored upon control of the ex-
ternal driving field. In particular, we varied the pump-
fluence of tr-ARPES measurements between 0.04 and

0.26 mJ cm�2, and investigated its impact on the energy
renormalization due to coherent phonons. Figures 5 (a)
illustrates the time-dependent energy renormalization of
the bulk band in the vicinity of the � point for fluences
of 0.04 (blue), 0.13 (red) and 0.26 mJ cm�2 (orange).
To focus on the oscillatory component of the band renor-
malization, we subtracted the non-oscillating component
of the transient spectral function following the procedure
outlined in the SI. For all fluences, measurements reveal
periodic renormalization of the band energies and indi-
cate a significant increase of the maximum energy renor-
malization with the pump fluence.

The full time- and fluence-dependent measurements of
the bulk-band renormalization is further illustrated in
Fig. 5 (b). The orange, red and blue lines highlight the
fluences reported in Fig. 5 (a). In addition to an in-
crease of coherent-phonon energy renormalization with
fluence, Fig. 5 (b) further reveals a damping of the oscil-
lations over a timescale of 2 ps that is not substantially
a↵ected by the pump fluence. Figure 5 (c) reports ab-
initio simulations of fluence- and time-dependent energy
renormalization of the bulk band in the vicinity of the
� point. Overall, we find very good agreement between
experiment and theory across the full range of fluences
and time delays. Experimental data further exhibit an
increase of softening and damping of the cohernet phonon
frequency for larger driving fluences. These e↵ects (not
captured in the simulations) are reminiscent of phonon
renormalization arising in highly-doped semiconductors
due to electron-phonon coupling [65, 66]. We thus tenta-

··Qqν+γqν
·Qqν+ω2

qνQqν = Dqν(t)

Coherent phonons in antimony from first principles

Coherent phonons EOM (DECP): 
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FIG. 3. (a) Top and side view of the crystal structure of Sb. (b) Electron bulk band structure along the L-H-K-� high-
symmetry path in the Brillouin zone as obtained from DFT-PBE. The hexagonal non-primitive Brillouin zone of Sb is shown
as an inset and energies are relative to the Fermi energy. (c) Static ARPES spectrum I0 = I(t = �1 ps) obtained before
photoexcitation for energies and crystal momenta within the red rectangle in panel (b). In addition to bulk bands, measurements
reveal surface states and bands of hybrid surface-bulk character (not shown in panel (b)). (d) Di↵erence-intensity tr-ARPES
spectrum �I(t) = I(t) � I0 for a pump-probe delay t = 67 fs and an excitation fluence of 0.26 mJ cm�2. Red (blue) denotes
intensity gain (loss). The dashed oval marks the energy and momentum region exhibiting pronounced transient band-structure
renormalizations due to coupling with coherent phonons.

and the existence of a well-defined coherent phonon spec-
trum, it constitutes an ideal test case for the benchmark
and validation of the ab-initio approach formulated in
this manuscript. In particular, at the � point the phonon
dispersion obtained from DFPT (supplementary Fig. 1)
is characterized by a non-degenerate totally-symmetric
A1g mode and one doubly-degenerate Eg mode with fre-
quencies of 4.4 and 3.2 THz, respectively, which slightly
underestimate the experimental values (4.5 and 3.5 THz).
Coherent phonons of both A1g and Eg characters can be
excited in Sb, however, only the former obey symme-
try selection rules required to undergo excitation via the
DECP mechanism. Conversely, coherent Eg phonons re-
quire alternative excitation pathways (as, e.g., ionic Ra-
man scattering), which are higher-order in the interaction
[54].

The DFT-PBE band structure along the L-H-K-� path
is reported in Fig. 3 (b). Here and below, we consider
the non-primitive hexagonal unit cell (6 atoms per cell)
and Brillouin zone (illustrated in the inset of Fig. 3 (b)),
as this choice enables the straightforward identification
of the high-symmetry path probed by tr-ARPES on the
(0001) surface. A comparison of the primitive and non-
primitive structures and BZ is included in the supple-
mental material (SM). The Fermi surface is located in
the vicinity of the L point and the red rectangle marks
the region probed by the tr-ARPES measurements. The
static ARPES intensity I0 = I(t = �1 ps) along the
K-�-K path is reported in Fig. 3 (c) before photoexcita-
tion. The spectral features are in good agreement with
previous experimental works [55, 56] and reveal photoe-
mission signatures of di↵erent origins: one bulk band –
well captured by the bulk DFT calculation – as well as

surface and hybrid surface-bulk bands. The interfacial
origin of these spectral features is corroborated by com-
parison with DFT simulations for a finite slab consisting
of 16 Sb layers (see SM).
In Fig. 3 (d), we report the tr-ARPES di↵erence inten-

sity �I(t) = I(t) � I0 for a time delay of t = 67 fs after
excitation. Red (blue) colors denote intensity gain (loss).
For energies larger than �0.2 eV, the gain-loss pattern
predominantly reflects carrier photoexcitation above the
Fermi energy, with the ensuing depopulation of lower-
energy states. In the region within the dashed oval in
Fig. 3 (d) we further observe transient intensity renor-
malizations that are indicative of the excitation of co-
herent phonons. These gain-loss patterns arise from the
upward-downward shifting of the bulk band, and oscil-
late with a characteristic frequency that coincides with
the A1g mode frequency. These spectral fingerprints
are a direct manifestation of electron-phonon interac-
tions involving the bulk Sb band and the coherently-
driven A1g mode, and their dynamics reflects the tran-
sient band-structure renormalization driven by a photo-
induced structural change.

V. QUASIPARTICLE RENORMALIZATION VIA
COHERENT PHONONS IN ANTIMONY

To describe the coherent phonon dynamics triggered
by an electronic excitation in Sb, we solve Eqs. (2)-(4)
from first principles and determine the time-dependent
coherent-phonon amplitude Q⌫ . This procedure has been
applied to all zone-center optical phonons of Sb. Only the
A1g mode displays a coherent dynamics, whereas the Eg
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FIG. 4. (a) Displacement amplitude of the A1g mode as obtained from the solution of the coherent-phonon equation of
motion [Eq. (2)]. For comparison, we report the oscillation of the transient tr-ARPES signals taken within the regions of
interest marked by a black rectangle in (d). (b) Fourier transform of the tr-ARPES signals and the displacement amplitude
in (a). Simulations (c) and measurements (d) of changes in the tr-ARPES spectral function at a time delay of 67 fs after
photoexcitation for crystal momenta in the vicinity of the � point. Red (blue) denotes intensity gain (loss), and an incident
pump fluence of 0.26 mJ cm�2 was considered. Theory (e) and experimental (f) FD-ARPES map obtained from the Fourier
analysis of the time-resolved spectral functions at the frequency of the A1g-mode of Sb. (e) Comparison between simulations
and measurements for the maximum Fourier amplitude in the FD-ARPES map, as a function of energy. MB: In Fig. 4(a)
the experimental damping seems to be somewhat larger than the calculated (same is implied by Fig 5(b)). On the other, the
Fourier analysis (4(b)) shows a very good agreement in the linewidth. Could it be that we observe in the experimental data a
litte bit of a distortion due to a beating from interaction with the low-freqeuncy shoulder next to the peak only visible in the
experimental data? - if yes, we should mention it and also add a short comment on the origin of the shoulder. Fig. (e) and (f)
a striking di↵erence is the missing bright center line of the FD-ARPES-signal in the experimental data. We should comment
this point

In Figs. 4 (e) and 4 (f), we report the theoretical
and experimental FD-ARPES spectra obtained from the
Fourier transformation of the tr-ARPES spectral func-
tions for a fluence of 0.26 mJ cm�2. The maximum
Fourier amplitude of experiment (theory) is obtained at
a frequency !exp = 4.5 THz (!theo = 4.4 THz), which
coincides with the oscillation of the A1g mode. Overall,
FD-ARPES filters out the spectral features that do not
exhibit an oscillatory component, thereby highlighting
electronic states that are strongly coupled to the coher-
ent phonons. The intensity of the surface states, con-
versely, is suppressed owing to their weak coupling to
the A1g-mode. In Fig. 4 (g), we report the maximum
Fourier amplitude as a function of energy. The highest
Fourier amplitude is obtained at -0.2 eV and it decreases
at lower energies. This trend is well reproduced by our
ab-initio calculations across the full energy range of the
measurements, and it can be attributed to a suppression
of the tr-ARPES intensity in the vicinity of the � point.

VI. FLUENCE-DEPENDENT
BAND-STRUCTURE RENORMALIZATION

Having established a predictive ab-initio framework for
the analysis of coherent phonons in semimetals, we pro-
ceed to explore to which extent quasiparticle renormal-
ization e↵ects can be tailored upon control of the ex-
ternal driving field. In particular, we varied the pump-
fluence of tr-ARPES measurements between 0.04 and

0.26 mJ cm�2, and investigated its impact on the energy
renormalization due to coherent phonons. Figures 5 (a)
illustrates the time-dependent energy renormalization of
the bulk band in the vicinity of the � point for fluences
of 0.04 (blue), 0.13 (red) and 0.26 mJ cm�2 (orange).
To focus on the oscillatory component of the band renor-
malization, we subtracted the non-oscillating component
of the transient spectral function following the procedure
outlined in the SI. For all fluences, measurements reveal
periodic renormalization of the band energies and indi-
cate a significant increase of the maximum energy renor-
malization with the pump fluence.

The full time- and fluence-dependent measurements of
the bulk-band renormalization is further illustrated in
Fig. 5 (b). The orange, red and blue lines highlight the
fluences reported in Fig. 5 (a). In addition to an in-
crease of coherent-phonon energy renormalization with
fluence, Fig. 5 (b) further reveals a damping of the oscil-
lations over a timescale of 2 ps that is not substantially
a↵ected by the pump fluence. Figure 5 (c) reports ab-
initio simulations of fluence- and time-dependent energy
renormalization of the bulk band in the vicinity of the
� point. Overall, we find very good agreement between
experiment and theory across the full range of fluences
and time delays. Experimental data further exhibit an
increase of softening and damping of the cohernet phonon
frequency for larger driving fluences. These e↵ects (not
captured in the simulations) are reminiscent of phonon
renormalization arising in highly-doped semiconductors
due to electron-phonon coupling [65, 66]. We thus tenta-

from first principles
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FIG. 5. (a) Average energy renormalization of the bulk band in the vicinity of the � point due to coherent phonon excitation
for incident fluences of 0.04 (blue), 0.13 (red) and 0.26 mJ cm�2 (orange). (b) Average energy renormalization of the bulk
band in the vicinity of the � point as a function of fluence and time extracted from the tr-ARPES data. The orange, red
and blue lines highlight the time-dependent energy renormalization at 0.04, 0.13 and 0.26 mJ cm�2 presented in panel (a) ,
respectively. (c) Theoretical energy renormalization of the bulk band at � as a function of fluence and time obtained from
Eq. (6). The experimental time-resolution of �t = 100 fs FWHM was taken into account. (d) Maximum energy renormalization
versus incident fluence of the theoretical and fitted experimental oscillations.

tively attribute these e↵ect to the dressing of the coher-
ent phonons via electron-phonon interactions mediated
by the photo-excited carriers, in close analogy to static
counterpart of these e↵ects. To quantitatively compare
theory and experiments, we further display in Fig. 5 (d)
the measured and calculated maximum energy renormal-
ization of the bulk band as a function of the incident
fluence. tr-ARPES indicates a linear dependence of the
energy renormalization on fluence, which is well repro-
duced by ab-initio calculations. This trend suggests the
driving fluences considered in this work are well captur-
ing within the linear-response regime.

A breakdown of the linear regime has been reported in
pump-probe Raman experiments for antimony at driv-
ing fluences exceeding 5 mJ cm�2 [67]. This value con-
stitutes an upper-limit for the maximum fluence to ex-
cite and probe coherent-phonon band-structure renor-
malization. By extrapolating the linear trend observed
in Fig. 5 (d), we expect that energy renormalizations ex-
ceeding 100 meV could be realized at high-driving fields
without undergoing structural damage.

VII. DISCUSSION AND OUTLOOK

Overall, the ab-initio formalism presented in this
manuscript o↵er new opportunities for predictive sim-
ulations of light-induced phenomena in materials and,
specifically, for monitoring structural changes and quasi-
particle renormalization e↵ects emerging on ultrafast
timescales. Some perspectives and opportunities for the
application of these concepts beyond the domain of this
manuscript are discussed below.

The fluence-dependent analysis reported in Sec. VI in-
dicates that energy renormalization of the order of 10 to
100 meV can be realized in semimetals via experimentally
accessible pump fluences. Energy shifts of this magnitude

may su�ce to tailor specific band-structure features via
coherent phonons or even to induce topological features
in otherwise topologically-trivial compounds. Coherent-
phonon excitation in Weyl semimetals, for example, is ex-
pected to induce dynamical renormalization of the Weyl
points and their spin textures [68, 69], with likely im-
plications for topological properties [70] and transport
anomalies [71]. Band engineering could further o↵er the
opportunity to induced additional band crossing, leading
to the dynamical formation of topological Weyl points in
otherwise topologically trivial semimetals, or insulator
to metal transitions in narrow-gap semiconductors [72].
More generally, the ab-initio modelling of DECP in com-
bination with tr-ARPES measurements can likely guide
the identification of unexplored opportunities for engi-
neering the band structure of semimetals via coherent
phonons.

Besides band-structure engineering, the ab-initio de-
scription of coherent phonons constitutes a powerful op-
portunity to monitor light-induced structural changes,
which could shed light on the microscopic origin of light-
induced phase transitions and symmetry breaking [32].
By combining information from tr-ARPES and ab-initio
simulations, for example, one may directly retrieve the
nuclear trajectories induced by coherent phonons. We il-
lustrate this point in Fig. 6 (a-c), where we reconstructed
the time-dependent displacement of Sb from equilibrium
from tr-ARPES measurements. Here, the experimental
displacement has been directly estimated from experi-
ments via Eq. (1) as �⌧ = (~/2MSb!⌫)

1
2 e

⌫
Q

exp
⌫ (t) using

the experimental coherent phonon amplitude Q
exp
⌫ (t) '

h�"
exp
nk (t)i/hgtheonn (k, 0)i. In this expression, �"

exp
nk (t) de-

note the measured band shift due to coherent phonons,
g
theo
nn (k, 0) is the momentum-averaged coupling matrix
elements obtained from ab-initio calculations, h· · · i indi-
cate averaging over momentum. The calculated displace-
ment, obtained from Eq. (2) is reported for comparison.
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FIG. 5. (a) Momentum-averaged energy renormalization of the bulk band in the vicinity of the Γ point due to coherent
phonon excitation for incident fluences of 0.04 (blue), 0.13 (red) and 0.26 mJ cm−2 (orange). (b) Momentum-averaged energy
renormalization of the bulk band in the vicinity of the Γ point as a function of fluence and time extracted from the tr-ARPES
data. The orange, red and blue lines highlight the time-dependent energy renormalization at 0.04, 0.13 and 0.26 mJ cm−2

presented in panel (a), respectively. (c) Calculated energy renormalization of the bulk band at Γ as a function of fluence
and time obtained from Eq. (6). (d) Maximum energy renormalization versus incident fluence of the theoretical and fitted
experimental oscillations.

0.26 mJ cm−2, and investigated its impact on the en-
ergy renormalization ∆E due to coherent phonons. Fig-
ures 5 (a) illustrates the time-dependent energy renor-
malization ∆E of the bulk band in the vicinity of
the Γ point for fluences of 0.04 (blue), 0.13 (red) and
0.26 mJ cm−2 (orange). To focus on the oscillatory com-
ponent of the band renormalization, we subtracted the
non-oscillating component of the transient spectral func-
tion following the procedure outlined in the Supplemen-
tary Note S1, and illustrated in Supplementary Figure S1
[68]. For all fluences, measurements reveal a periodic
renormalization of the band energies and indicate a sig-
nificant increase of the maximum energy renormalization
with the pump fluence.

The full time- and fluence-dependent measurements of
the bulk-band renormalization is further illustrated in
Fig. 5 (b). The orange, red and blue lines highlight the
fluences reported in Fig. 5 (a). In addition to an increase
of coherent-phonon energy renormalization with fluence,
Fig. 5 (b) further reveals a damping of the oscillations
that is not substantially affected by the pump fluence.
Figure 5 (c) reports ab initio simulations of fluence- and
time-dependent energy renormalizations of the bulk band
in the vicinity of the Γ point. Overall, we find very good
agreement between experiment and theory across the full
range of fluences and time delays. Experimental data
further exhibit an increase in softening of the coherent
phonon frequency for larger driving fluences. These ef-
fects (not captured in the simulations) are reminiscent
of phonon renormalization arising in highly-doped semi-
conductors due to electron-phonon coupling [79, 80]. We
thus tentatively attribute these effect to the dressing of
the coherent phonons via electron-phonon interactions
mediated by the photo-excited carriers, in close analogy
to the static counterpart of these effects. To quantita-
tively compare theory and experiments, we further dis-

play in Fig. 5 (d) the measured and calculated maximum
energy renormalization of the bulk band as a function
of the incident fluence. Tr-ARPES indicates a linear de-
pendence of the energy renormalization on fluence, which
is well reproduced by ab initio calculations. This trend
suggests that the driving fluences considered in this work
are well captured within the linear-response regime.
A breakdown of the linear regime has been reported in

pump-probe Raman experiments for antimony at driv-
ing fluences exceeding 5 mJ cm−2 [81]. This value con-
stitutes an upper limit for the maximum fluence to ex-
cite and probe coherent-phonon band-structure renor-
malization. By extrapolating the linear trend observed
in Fig. 5 (d), we expect that energy renormalizations ex-
ceeding 100 meV could be realized at high-driving fields
without undergoing structural damage.

VII. DISCUSSION AND OUTLOOK

Overall, the ab initio formalism presented in this
manuscript offers new opportunities for predictive sim-
ulations of light-induced phenomena in materials and,
specifically, for monitoring structural changes and quasi-
particle renormalization effects emerging on ultrafast
timescales. Some perspectives and opportunities for the
application of these concepts beyond the domain of this
manuscript are discussed below.
The fluence-dependent analysis reported in Sec. VI in-

dicates that energy renormalization of the order of 10
to 100 meV can be realized in semimetals via experi-
mentally accessible pump fluences. Energy shifts of this
magnitude may suffice to tailor specific band-structure
features via coherent phonons or even to induce topologi-
cal features in otherwise topologically trivial compounds.
Coherent-phonon excitation in Weyl semimetals, for ex-

band shift due to 
coherent phonon 
excitation
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FIG. 6. (a-c) Comparison between theory and experiment of the oscillatory part of the displacement amplitude of the A1g

mode for incident fluences of 0.26, 0.175 and 0.09 mJ cm�2. The experimental time resolution of �t = 100 fs FWHM was taken
into account. (d) Maximum displacement amplitude versus incident fluence of the theoretical and experimental oscillations

We further illustrate in Fig. 6 (d) the experimental and
calculated maximum displacement as a function of pump
fluence. This analysis indicates the possibility to directly
... determine the displacement of the nuclei from the
experimental data when the magnitude of the electron-
phonon interaction is known.

Another trARPES study of Sb(111) provides addi-
tional experimental reference data for comparison with
the results of our ab-initio theory [56]. The paper re-
ports a maximum oscillation amplitude in the Sb bulk
band of about 3.3 meV (see Fig. 2(c) in Ref. [56]). For
the incident fluence of 0.17mJcm−2 and considering the
other experimental parameters, we estimate an absorbed
fluence of 0.05mJcm−2 and calculate an oscillation am-
plitude of ⇡ 4.7meV for a given sample base temperature
of 20K. The approx. 40% deviation between theory and
experiment is very similar to the deviation we observe in
this fluence range between experiment and theory in our
study [see Fig. 5 (a)]. For the displacement amplitude
�⌧ , our calculations yield a value of 0.15 pm compared
to ⇡ 0.1 pm reported in Ref. [56]. CE: refer to the un-
certainty/overestimation due to the time-resolution?

Earlier work further suggested a procedure to quan-
titatively estimate the electron-phonon coupling matrix
elements from FD-ARPES experiments [73]. CE: Dou-
ble cited and not not quite correct, as they neglected the
dipole transition rates.(See Fig. 7)

While the Raman-active phonons excited via the
DECP mechanism preserve the symmetry of the lat-
tice, symmetry breaking could occur at high fluences
via non-linear (ternary and quartic) phonon-phonon cou-
pling mechanisms, such as, e.g., ionic Raman scatter-
ing. Overall, the ab-initio approach developed here can
be straightforwardly extended to account for these phe-
nomena, it may thus o↵er new opportunities for crystal-
structure control via non-linear phononics.

Finally, we emphasize that the solution of the coherent-

phonon equation of motion (Eq. (2)) and the estima-
tion of dynamical band-structure renormalization e↵ects
(Eqs. (6) and (7)) do not entail a significant increase in
computational costs as compared to the solution of the
TDBE (Eqs. (3) and (4)). Thus, the workflow presented
in Fig. 2 for the simulation of coherent phonons can
be promptly integrated into existing ab-initio codes for
electron-phonon coupling calculations, whenever Eqs. (3)
and (4) are already available.

VIII. CONCLUSION

In conclusion, we reported a combined theoretical and
experimental investigation of the light-induced structural
dynamics and electron-phonon interactions in driven
semimetals. We formulated a transferable ab-initio the-
ory of the displacive excitation of coherent phonons,
which combines the time-dependent Boltzmann equation
with the Heisenberg equation of motion for the coherent-
phonon amplitude. Our approach specifically targets (i)
the emergence of photo-induced coherent lattice motion
following electronic excitation by a pump pulse and (ii)
transient band-structure renormalization e↵ects induced
by coherent phonons. The points (i-ii) are a direct man-
ifestation of the electron-phonon interactions occurring
under non-equilibrium conditions, and their description
eludes the capability of the equilibrium many-body ap-
proaches to the electron-phonon coupling.
We validated and benchmarked this approach against

tr-ARPES experiments for the elemental semimetal An-
timony. To enable a quantitative comparison between ex-
periment and theory, we detected and characterized the
transient oscillations of the measured spectral function
induced by coherent phonons for a wide range of pump
fluences. We further conducted a frequency-domain anal-
ysis of coherent phonon oscillation (FD-ARPES), to de-

Quasiparticle 
renormalization due 
to coherent phonons:

Δεnk(t) = gν
nn(k, q)Qν(t) Qν(t) = Δεnk(t)[gν

nn(k, q)]−1

Retrieving nuclear trajectories from tr-ARPES

exp. theory

S. SAKAMOTO et al. PHYSICAL REVIEW B 105, L161107 (2022)

FIG. 1. (a) Top and side views of the crystal structure of Sb. Blue and red arrows represent the atom displacement for the A1g and Eg

phonons, respectively. (b) Bulk and surface Brillouin zone of Sb. (c) Experimental geometry. (d) Equilibrium experimental angle-resolved
photoemission spectroscopy (ARPES) spectrum along the !-K direction. (e) and (h) Coherent phonon-induced binding-energy oscillations
and the Fourier power spectra for the bulk band, (f) and (i) the surface + bulk band, and (g) and (j) the surface band, marked by green, blue,
and red arrows in panel (d), respectively. The gray curves in panels (e)–(g) are fitted curves.

well described by the equilibrium concept of electron-phonon
coupling.

Our trARPES setup is based on a Ti : sapphire regenera-
tive amplifier outputting 1.5 eV, 35 fs pulses at a repetition
rate of 312 kHz [26]. The photon energy was quadrupled to
6.0 eV for the probe pulse by two stages of second harmonic
generation. The beam profiles for the pump and probe pulses
were 68 × 85 and 38 × 41 µm2 in full width at half maxi-
mum, respectively. The incident fluence of the 1.5 eV pump
was 0.17 mJ/cm2 and sufficiently weak to avoid a nonlinear
response. Previous work found a 9 mJ/cm2 threshold for
frequency chirping [27], and >1 mJ/cm2 leads to phonon
softening in the similar semimetal Bi [28]. Photoelectrons
were collected by a hemispherical analyzer, and spectra were
recorded as a function of pump-probe delay. The overall time
resolution was deduced to be 85 fs from cross-correlations of
pump and probe pulses. The measurement temperature was
20 K. The light incidence plane was along the mirror plane of
the sample, and the pump and probe light polarizations were
p and s, respectively, as shown in Fig. 1(c). Photoelectrons
are collected along the !-K direction of the surface Brillouin
zone as shown by a black arrow in Fig. 1(c). To detect weak
coherent phonon oscillations, our accumulated data required
correction of systematic drifts along the energy, momentum,
and time axes, as described in the Supplemental Material [29].

First-principle calculations were performed on a 9 Sb bi-
layer slab (18 Sb layers) with a 30 Å vacuum layer using
the full-potential augmented-plane-wave method as imple-
mented in the WIEN2K code [30]. Note that Sb bilayers become
topological with !8 bilayers according to a previous DFT
calculation [16]. The experimental lattice structure was used
for the calculation. For the exchange-correlation potential,
the generalized gradient approximation of the Perdew-Burke-

Ernzerhof parameterization [31] was employed with the
spin-orbit interaction taken into account. The Brillouin zone
integration was performed on a 20 × 20 × 1 k-point mesh.
We displaced Sb atoms by ±0.02, ±0.05, and ±0.1% of the
c-axis lattice constant (11.22 Å) along the trigonal axis for the
A1g phonon and by ±0.01, ±0.02, and ±0.05% perpendicular
to the trigonal axis for the Eg phonon. These displacement
values result in binding-energy shifts that are resolvable while
maintaining a linear relationship between the energy shift and
the displacement [29]. The displacement directions for the
A1g and Eg phonons are depicted by red and blue arrows in
Fig. 1(a), respectively. The band structures were calculated
for each displacement, and the obtained binding-energy shift
["εn(k)] as a function of atom displacement ("r) was fit-
ted by a linear function at each momentum to obtain the
proportionality constant "ε/"r, which corresponds to the
deformational potential. In this way, we could minimize and
characterize errors from the DFT calculations [29].

Figure 1(d) shows the equilibrium ARPES spectrum taken
along the !-K direction. The spectrum is consistent with pre-
vious studies [18,32] and has three sharp energy bands marked
by arrows in Fig. 1(d). The band marked by a green arrow is a
bulk band, while the band marked by a red arrow is a surface
band. The band marked by a blue arrow has surface character
near ! but has increasing bulk character as k increases (see
the Supplemental Material for the orbital character of each
band [29]). We thus refer to these three bands as the bulk band
(green arrow), the surface band (red arrow), and the surface +
bulk band (blue arrow) hereafter.

These surface and surface + bulk bands are Rashba-type
spin-split bands [32,33]. However, unlike usual Rashba sys-
tems, the inner band (surface band) connects to the conduction
band, while the outer band (surface + bulk band) connects

L161107-2
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FIG. 6. (a-c) Comparison between theory and experiment of the oscillatory part of the displacement amplitude of the A1g

mode for incident fluences of 0.26, 0.175 and 0.09 mJ cm�2. The experimental time resolution of �t = 100 fs FWHM was taken
into account. (d) Maximum displacement amplitude versus incident fluence of the theoretical and experimental oscillations

We further illustrate in Fig. 6 (d) the experimental and
calculated maximum displacement as a function of pump
fluence. This analysis indicates the possibility to directly
... determine the displacement of the nuclei from the
experimental data when the magnitude of the electron-
phonon interaction is known.

Another trARPES study of Sb(111) provides addi-
tional experimental reference data for comparison with
the results of our ab-initio theory [56]. The paper re-
ports a maximum oscillation amplitude in the Sb bulk
band of about 3.3 meV (see Fig. 2(c) in Ref. [56]). For
the incident fluence of 0.17mJcm−2 and considering the
other experimental parameters, we estimate an absorbed
fluence of 0.05mJcm−2 and calculate an oscillation am-
plitude of ⇡ 4.7meV for a given sample base temperature
of 20K. The approx. 40% deviation between theory and
experiment is very similar to the deviation we observe in
this fluence range between experiment and theory in our
study [see Fig. 5 (a)]. For the displacement amplitude
�⌧ , our calculations yield a value of 0.15 pm compared
to ⇡ 0.1 pm reported in Ref. [56]. CE: refer to the un-
certainty/overestimation due to the time-resolution?

Earlier work further suggested a procedure to quan-
titatively estimate the electron-phonon coupling matrix
elements from FD-ARPES experiments [73]. CE: Dou-
ble cited and not not quite correct, as they neglected the
dipole transition rates.(See Fig. 7)

While the Raman-active phonons excited via the
DECP mechanism preserve the symmetry of the lat-
tice, symmetry breaking could occur at high fluences
via non-linear (ternary and quartic) phonon-phonon cou-
pling mechanisms, such as, e.g., ionic Raman scatter-
ing. Overall, the ab-initio approach developed here can
be straightforwardly extended to account for these phe-
nomena, it may thus o↵er new opportunities for crystal-
structure control via non-linear phononics.

Finally, we emphasize that the solution of the coherent-

phonon equation of motion (Eq. (2)) and the estima-
tion of dynamical band-structure renormalization e↵ects
(Eqs. (6) and (7)) do not entail a significant increase in
computational costs as compared to the solution of the
TDBE (Eqs. (3) and (4)). Thus, the workflow presented
in Fig. 2 for the simulation of coherent phonons can
be promptly integrated into existing ab-initio codes for
electron-phonon coupling calculations, whenever Eqs. (3)
and (4) are already available.

VIII. CONCLUSION

In conclusion, we reported a combined theoretical and
experimental investigation of the light-induced structural
dynamics and electron-phonon interactions in driven
semimetals. We formulated a transferable ab-initio the-
ory of the displacive excitation of coherent phonons,
which combines the time-dependent Boltzmann equation
with the Heisenberg equation of motion for the coherent-
phonon amplitude. Our approach specifically targets (i)
the emergence of photo-induced coherent lattice motion
following electronic excitation by a pump pulse and (ii)
transient band-structure renormalization e↵ects induced
by coherent phonons. The points (i-ii) are a direct man-
ifestation of the electron-phonon interactions occurring
under non-equilibrium conditions, and their description
eludes the capability of the equilibrium many-body ap-
proaches to the electron-phonon coupling.
We validated and benchmarked this approach against

tr-ARPES experiments for the elemental semimetal An-
timony. To enable a quantitative comparison between ex-
periment and theory, we detected and characterized the
transient oscillations of the measured spectral function
induced by coherent phonons for a wide range of pump
fluences. We further conducted a frequency-domain anal-
ysis of coherent phonon oscillation (FD-ARPES), to de-
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Figure 3. Electron distribution function fnk superimposed to the band structure of monolayer MoS2. Energies
are relative to the Fermi level. At equilibrium (left), bands are occupied according to the Fermi-Dirac statistics
(Eq. (12)). Adapted from Ref. [144].

electron-phonon systems. In the TDBE, the dynamics of electronic and vibrational
excitations are described by changes of the electron and phonon distribution func-
tions fnk(t) and nq⌫(t), respectively, whereas electron and phonon energies are left
unchanged throughout the dynamics. At thermal equilibrium, fnk and nq⌫ are time
independent and they coincide with the Fermi-Dirac and the Bose-Einstein occupa-
tions f

0
nk and n

0
q⌫ :

f
0
nk(T ) =

h
e
("nk�"F)/kBT + 1

i�1
, (12)

n
0
q⌫(T ) =

h
e
~!q⌫/kBT � 1

i�1
. (13)

Here, "F is the Fermi energy, "nk is the single-particle energy of a Bloch electron, and
~!q⌫ the phonon energy. This case is exemplified by the left panel of Fig. 3, where
the Fermi-Dirac occupations are superimposed to the band structure of monolayer
MoS2, with yellow (blue) denoting fully occupied (empty) states with fnk = 1 (fnk =
0). In this framework, a regime of non-equilibrium requires either fnk or nq⌫ (or
both) to di↵er from the equilibrium Fermi-Dirac and the Bose-Einstein occupations,
as illustrated in the right panel of Fig. 3. The non-equilibrium distributions change
over time, and their dynamics is determined by the TDBE:

@tfnk(t) = �nk(t) (14)

@tnq⌫(t) = �q⌫(t) , (15)

where @t = @/@t and �nk and �q⌫ denote the collision integrals for electrons and
phonons. The numerical solution of Eqs. (14) and (15) requires the development of
suitable approximations for the evaluation of the collision integrals. In short, �nk and
�q⌫ account for the several scattering mechanisms which may lead to changes of the dis-
tributions functions as, e.g., electron-electron, electron-phonon, phonon-phonon, and
impurity scattering as well as the coupling to external fields. The recent development
of electronic structure codes for the study of electron-phonon and phonon-phonon cou-
pling has enabled to estimate the contribution of these scattering processes to collision
integrals, enabling the investigation of the coupled electron-phonon dynamics entirely
from first principles [33,59,134,143,144].
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