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Excitons and carriers in transient absorption and time-resolved ARPES spectroscopy:
An ab initio approach

D. Sangalli
Istituto di Struttura della Materia of the National Research Council, Via Salaria Km 29.3, I-00016 Montelibretti, Italy
and European Theoretical Spectroscopy Facilities (ETSF)

® (Received 4 June 2021; accepted 5 August 2021; published 20 August 2021)

I present a fully ab initio scheme to model transient spectroscopy signals in the presence of strongly bound
excitons. Using LiF as a prototype material, I show that the scheme is able to capture the exciton signature both
in time-resolved angle-resolved photoemission spectroscopy and transient absorption experiments. The approach
is completely general and can become the reference scheme for modeling pump and probe experiment in a wide

range of materials.
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I. INTRODUCTION

The exciton is a quasiparticle composed by an electron-
hole pair bound via Coulomb interaction [1]. In condensed
matter physics, exciton energies, w,q, and wave functions,
A™, are obtained via the solution of the ab initio Bethe-
Salpeter equation (BSE), and well describe the neutral
excitations of materials in the linear response regime [2,3].
Indeed the energy difference between the electronic ground
state, | W), and the neutral excited state, |¥}), is well ap-
proximated by wyq ~ (EN — E'). Similarly the many-body
wave function can be approximated as |W}') ~ é1q|\IJ{)V )s

T
rq T

> ok Aﬁ:}kézkfzzk_q. Neutral excited states can be generated
via the use of optical perturbations, such as laser pulses, if the
frequency of the pulse is tuned in resonance to the absorption
peaks in the bound region of the spectrum of a material.

The interest in the physics of the excitons grew signifi-
cantly in recent years, for both fundamental and technological
reasons. On one side, the development of femtosecond laser
pulses made it possible to explore ultrafast electron dynam-
ics, with the exciton playing a key role due to the optical
nature of the perturbation [4-7]. Different works have dis-
cussed the possible generation of excitonic states and in
particular of nonequilibrium Bose-Einstein condensate (BEC)
of excitons [8-13]. On the technological side, the growing
interest in materials for applications to photovoltaic devices
and semiconductor devices calls for accurate modeling of the
absorption process and the interaction between electrons and
holes which, in turn, strongly affects carriers mobility. Many
new materials, in particular layered materials such as transi-
tion metal dichalcogenides [14—16], and chromium or bismuth
trihalide [17,18], display remarkably high binding energy for
semiconductors. When studied through pump and probe ex-
periments, such materials are often driven via laser pulses

via the definition of the exciton creation operator &
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tuned resonant with such excitonic energies. The transient
absorption (TR-abs) or the time-resolved angle-resolved pho-
toemission (TR-ARPES) signals are then detected [19-23]. It
is then crucial to have accurate modeling and understanding of
both the state generated by the pump and the signal measured
by the probe.

Due to the coherent nature of the laser pulse, the system
is sent into coherent superpositions of the ground state and
neutral excitations, which is usually referred to as “coherent
excitons.” Many works in the literature have been focused
on the description of such experiments [24-26] modeling
coherent excitons, either as an ideal boson or via a paramet-
ric Wannier equation [12,27,28]. On the other hand, in the
ab initio community the modeling of such experiments has
focused on a detailed description of the material properties
and the photoexcitation process, but somehow neglecting the
role of the electron-hole interaction and thus describing the
generated nonequilibrium density in terms of free carriers.
The main reason behind this is the intrinsic difficulty in a
fully ab initio modeling of excitons in the nonequilibrium
regime. Time-dependent density functional theory (TDDFT),
the workhorse for ab initio nonequilibrium dynamics [29,30],
cannot easily capture the physics of the exciton [31,32].
The recent attempts to go beyond TDDFT, within ab ini-
tio nonequilibrium (NEQ) many-body perturbation theory
(MBPT) have, so far, not accounted for the physics of the
exciton in the description of the probed signal [33-36]. As
a consequence, the interpretation of an experimental signal
has seen the use of different concepts, sometimes reaching
completely different conclusions [26,27,33-35].

The goal of the present work is to close this gap and model
fully ab initio the transient signal, taking into account the role
of the electron-hole interaction in both the pumping process
and the probe process. I will use LiF as a prototype material
which displays a strongly bound exciton [37], and consider
the physical regime where (i) the pump and the probe do
not overlap in time, and (ii) the pump pulse is tuned res-
onant to the absorption of LiF, thus generating a real NEQ
population. Moreover, a low pump pulse intensity is used to

©2021 American Physical Society
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FIG. 1. Overview of the four nonequilibrium states considered
in the present work. They are divided into free carriers and bound
exciton states (left to right), and in coherent pure states and nonco-
herent statistical mixtures (top to bottom). N, is the excited density
in the conduction band. The equations used to reconstruct the
TR-ARPES spectral function /(k, ») and the response function x ()
are sketched in the top. In the bottom the approximation used in the
literature and holding for the noncoherent case are also reported. The
graphical representation of the states is realized via their TR-ARPES
signal.

remain below the exciton Mott transition [38,39]. I empha-
size that the scheme used in the present work could be also
employed in other physical regimes, for example, to describe
the overlapping regime, where the dynamical Stark effect
plays a key role [8,40], and in the case where the pump is
tuned off-resonant (i.e., with a frequency below the optical
gap) leading to the generation of a transient virtual NEQ
population and of the Floquet replica [41]. This is, however,
beyond the goal of the present work.

II. COHERENT AND NONCOHERENT STATES

In Fig. 1 an overview of the physical states considered in
the present work is shown. I will use the labels of the panels in
this figure to identify these states in the paper: (a) for coherent
carriers, (b) for coherent excitons, (c.a) for noncoherent car-
riers obtained dephasing the coherent carriers state, (c.b) for
noncoherent carriers obtained via artificial dephasing of the
coherent exciton state, and (d) for noncoherent excitons ob-
tained via physical dephasing of the excitonic state. Physical
and artificial dephasing are represented via blue and red lines,
respectively, in the figure. Their meaning will be discussed
in the paper. The two processes are identical and lead to the
same state in the presence of free carriers, while they must

be distinguished and lead to different states in the presence of
bound excitons.

The states are generated via the propagation of the equa-
tion of motion (EOM) for the time-dependent density matrix
Pumk (t) in the presence of a pump field. The hartree plus
screened exchange approximation (HSEX), with the screening
kept frozen at equilibrium, is used for the many-body self-
energy entering the EOM [42]. No further approximation is
introduced.

19 Pumk = A€k Pumk + [AZTEX . pliac + U, oLk (1)

Starting from p,,k(¢), I reconstruct the TR-ARPES and the
Tr-Abs signal. The TR-ARPES spectral function /(k, ®) in
the conduction region is obtained via a Fourier transform of
G (t, 1) [43], with G, (¢, t") reconstructed from Ok (¢)
using the generalized Kadanoff-Baym ansatz, which is exact
within the chosen approximation. The Tr-Abs signal x(w)
is extracted via the Fourier transform of the time-dependent
polarization P(z) = Pp,(t) — Pp(t) obtained performing one
simulation with only the pump pulse and another with both
the pump and the probe pulse, as already discussed in the
literature [44,45]. In both cases, the signal depends on the
time window used to perform the Fourier transform which,
in turn, depends on the probe pulse delay 7 from the pump
and the decay of P,(t). The r dependence in the equations
is omitted since I focus on the transient signal due to the
states generated right after the action of the pump pulse. The
signal extracted from such coherent states will be compared
with the signal generated from a noncoherent population of
carriers fui or excitons N,q. The update of the screening is
neglected also in the definition of the transient signal. The rea-
son for this choice is twofold. (i) I want to stick to the HSEX
approximation with equilibrium screening in all the steps.
(i1) I aim for a clear comparison between the signal generated
in the excitonic case, with the signal generated in the carriers’
case. In the excitonic case, the update of the screening is
expected to be negligible in the low-density regime [9,46], i.e.,
below the exciton Mott transition density. Above such density
excitons evaporate, going through a BCS-like regime of elec-
trons and holes [10,25] and it is not meaningful anymore to
speak about “excitonic case.” In the case of free carriers there
exists also a Mott transition density (this has been studied
in doped silicon, for example [47]) above which the carriers
become a metallic gas and the screening update could easily
become the dominant contribution, washing out a possible
detailed comparison of other effects. Thus the results pre-
sented here are meaningful for densities below both such Mott
transitions. As shown in Fig. 2, LiF absorption is dominated
by a peak of excitonic nature at about 12.5 eV with a binding
energy of almost 2 eV. Two possible frequencies, wp, are then
considered for the pump laser pulse used: (i) wp, = 14.8 eV
above the band gap of LiF, and (ii) wp, = 12.5 €V resonant
to the lowest excitonic peak of LiF (see Fig. 2). The laser
pulse is introduced in the form of an oscillating function
centered at the pump energy, multiplied by a Gaussian which
determines the pulse duration: sin(wpt Je™" ~0)'/20” Here [ use
o = 10 fs. The laser tuned in the continuum generates free
carriers with an associated polarization (see Fig. 1, left panel).
In this regime, the electron-hole interaction has a negligible
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FIG. 2. The optical absorption of LiF. Vertical lines mark the
position of the bright eigenvalues of the BSE equation weighted by
the associated oscillator strength in the positive y axis. The full BSE
spectrum is represented in the negative y axis. The vertical dashed
lines represent the position of the electron-hole continuum, i.e., the
GW band gap. All the BSE eigenvalues at lower energy are part of
the Rydberg exciton series.

effect. The propagation at the independent-particles (IP) level
is a good approximation to the TD-HSEX scheme, and it
overcomes convergence issues [48]. The laser-tuned resonant
with the excitonic peak generates a coherent excitonic state
with an associated polarization [see Fig. 1(b)]. The two time
propagations are performed for 160 fs. The propagation of the
EOM thus generates the two coherent states of Fig. 1.
Dephasing is expected to take place and eventually lead
to a statistical mixture of states for carriers [Fig. 1(c)] or
excitons [Fig. 1(d)]. For noninteracting electrons, i.e., at the IP
level, the most natural way to produce a statistical mixture via
the EOM for p(t) is to introduce a dephasing term, — 0,k
for {nm} such that Ae,,, > €mnesn. This Kkills the elements
of the density matrix that display coherent oscillations, and
it produces a state which is time independent. The remain-
ing elements of the density matrix can be interpreted as the
nonequilibrium electronic occupations: f,x = pPuk. The de-
scribed dephasing procedure corresponds to a real dephasing
process in the case of free carriers. Indeed when applied to
the coherent carriers state, the IP total energy of the system
is conserved. In the presence of interacting electrons instead,
such procedure should be performed at the level of the many-
body density matrix. For the excitonic case captured at the
HSEX level, interacting electron-hole pairs are considered and
dephasing could be introduced at the level of the two-body
density matrix [49]. Applying the dephasing at the level of
the one-body density matrix introduces a change in the total
energy of the system, and leads to the formation of carriers
populations in place of bound exciton populations. The de-
phasing term which needs to be introduced in the EOM for
p(t) to generate a statistical distribution of excitonic popula-
tion is, however, not known. Two further time propagations
are performed, with a dephasing term. Dephasing is switched
on after the end of the pump laser pulse at t = 60 fs and then
switched off at + = 160 fs, i.e., before the action of the probe
pulse. Since the dephasing acts only after the end of the laser

pulse, p\“? = p'“4/P) (here the superscript refers to the state
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FIG. 3. Time-dependent plot of the total carrier density N, per
unit cell (blue and red lines) and laser pulse intensity profile of the
pump (black line) are shown in the main frames. Coherent carriers
(a) and noncoherent carriers (c.a) are shown in the upper panel.
Coherent exciton (b) and noncoherent carriers distribution obtained
dephasing the excitonic state (c.b) in the lower panel. This corre-
sponds to four states introduced in Fig. 1. A zoom of the carrier
density N, is shown in the uppermost inset for the excitonic case.
All other insets show the associated time-dependent polarization in
different time ranges.

label). With this procedure, two extra states are produced. We
refer to (c.a) as the state obtained from the dephasing of the
coherent carriers state (a), and to (c.b) as the state obtained
from the dephasing of the coherent excitons state (b).

Thus in summary I have generated four states after 160 fs
of simulation corresponding to the states (a) and (c.a), and (b)
and (c.b) for Fig. 1. In Fig. 3 the total excited density N.(t) =
> ek Peck(t) and the polarization P(r) =e ), Lok Pk (1) Of
LiF for these four states are shown. The Gaussian envelope
of the laser pulse is also shown. The polarization of the co-
herent carriers state contains a continuum of frequencies and
experiences free polarization decay (FPD) on a very short
timescale. Here the FPD is not complete due to the finite
k-points sampling. On the other hand, in the coherent exci-
tons case, a single frequency exists, and the polarization is
everlasting. This already suggests that the role of the coherent
oscillations in the spectrum is expected to be more important
in the excitonic case. For each state, I further propagate the
EOM without any dephasing term from ¢ = 160 fs to r = 200
fs, first without and later with a probe pulse. A delta function
att = 165 fs is used for the probe pulse.

083803-3



D. SANGALLI

PHYSICAL REVIEW MATERIALS §, 083803 (2021)

ARPES (wp=14.8 eV )

16

15|

N
=
o
]

ARPES Intensity [a.u.

12

11

ARPES (wp =12.5 eV )

ARPES (wp =12.5 eV )

N
'S
Iy
1

°©
©
o
ARPES Intensity [a.u.
=
B
s
1

[a.u.

ARPES Intensity

X 0-00

FIG. 4. TR-ARPES spectral function, and corresponding k-integrated photoemission (PE) signal of LiF. Left panel: Signal from carriers
generated with a laser pulse with wp = 14.8 eV; coherent (a) and noncoherent (c.a) carriers give exactly the same signal. Center panel: Signal
from coherent excitons (b) generated with a laser pulse with wp = 12.5 eV. Right panel: Signal from the carriers distribution reached, starting
from the coherent exciton state, after sending to zero the off-diagonal elements of the density matrix (c.b). A replica of the valence band at
energy €,k + wp is shown in white. The numbers reported in the PE and ARPES panels represent the magnification factor needed for the signal
in the conduction band region to reach similar intensity as the signal from the valence band (see also Supplemental Material [48]).

III. TIME-RESOLVED ARPES

We first analyze the TR-ARPES signal, shown in Fig. 4
for the four states generated. The spectral function is defined
from the time propagation without probe pulse as I(k, w) =
—iy .. G5 (w), obtained via the Fourier transform of the
Generalized Kadanoff-Baym Ansatz (GKBA) Green’s func-
tion [50]

Grn(t, 1) =) pak )G (1, 1)) = Gl (¢, 1 )prenc(t).

n

(@)

The TR-ARPES spectral function generated from free carri-
ers, after the pump at wp, = 14.8 eV, shows a finite signal
on the conduction band of LiF (see Fig. 4, left panel). The
same numerical result can be obtained at the TD-HSEX level
(see Supplemental Material [48]). At the IP level the retarded
and advanced propagators remain frozen at the equilibrium
value and are diagonal: G,(;,/lz)(t,t/) = 8y me ) As a
consequence only the terms p..k enter Eq. (2). Since we have
here just one conduction band well separated from the others,
the ARPES signal from the coherent carriers state (a) and the
dephased carriers (a.c) are in practice identical. In the figure
it is also reported a replica of the valence band shifted up
by 14.8 eV (i.e., the pump frequency). The ARPES signal
is localized where the valence band (VB) replica crosses the
conduction band, thus for the {vp,, cp,, kp,} which respect the
energy conservation at the IP level wp = €.x — €,k. The same
signal can be obtained expressing the TR-ARPES in terms of
the occupations only /(k, w) = ), fad(®w — €c). This result
can be easily obtained from Eq. (2) using the IP expression
for the retarded and advanced propagators and the definition
of the electronic populations in terms of the diagonal elements
of the density matrix. In the presence of nearly degenerate
conduction bands (i.e., when Ae ok < 27 /0, pere terms
may be activated and have important implications in specific
cases. As an example, p..-k terms have key importance in
defining the spin-resolved (SR) TR-ARPES signal of free
carriers injected via optical orientation experiments in GaAs
[51].

The TR-ARPES spectral function generated from the co-
herent exciton state (b), after the pump at wp, = 12.5 eV, is
instead a replica of the valence band shifted by the exciton
energy and weighted by the exciton wave function (see Fig. 4,
center panel). In this configuration the TD-HSEX retarded
and advanced propagators, G%ﬁ)(t, t"), reconstructed from the
time-ordered exponential of the HSEX Hamiltonian, acquire
nondiagonal terms which, multiplied by the fast oscillating
Pnmk (t) terms, determine the TR-ARPES signal. For the co-
herent exciton state generated by the pump pulse, in the
low-density regime, an exact expression can be derived for
G=(z, ") exploiting the mapping between the state generated
by the pump pulse and the state generated via the Matsubara
procedure discussed in Ref. [10]:

cvk

Gion(@) = QuiN. Y~ ALRARI*S[0 — (€p—g + waq)]-

3

Such expression perfectly describes the signal obtained via
the real-time propagation and shown in Fig. 4, center panel.
The state corresponds to an exciton population peaked at the
lowest energy exciton {10}, i.e., Ng» = NexcOr2,6(q), with
E; 0 = 12.5 eV. Due to its coherent nature, it is referred to
as nonequilibrium exciton BEC. The prefactor determining
the intensity of the signal corresponds to the mean [52] value
of the excitonic population Nexe = N, [9,10]. The TR-ARPES
spectral function generated from the noncoherent state (c.b),
after sending to zero the off-diagonal elements of the density
matrix, is reported in Fig. 4, right panel, and it is completely
different from that of the center panel which also includes
the off-diagonal terms of the density matrix. After the de-
phasing, the signal has contribution only from the conduction
band, while its distribution in k space is reminiscent from the

excitonic wave function Aé,‘)ﬂ. Indeed it can be shown that

Sek = Peck XY, |A§1‘Jﬁ|2. Such drastic change proves the un-
physical nature of the chosen decoherence procedure, which
completely alters the state generated by the pump pulse.

As we already observed, it is nontrivial to define a proper
dephasing process within the EOM for the one-body density

matrix p which leads to an exciton population [Fig. 1(d)].
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The reason is that the exciton is a two-particle object and
approximations to its description can be more easily obtained
starting from the two-body density matrix [49]. Nevertheless,
the ARPES signal predicted from a noncoherent excitonic
population has been discussed in the literature. The signal has
the form [53]

[Nk, ©) =27 ) " Nig AL P[0 — (€nq + @39)]. (4)
Aqc

In the Ilimit of a peaked excitonic distribution
Ngi A Nexcii,8(q), again a replica of the valence band
weighted by the excitonic wave function is obtained. Thus,
regardless of originating from a coherent or a noncoherent
state, the excitonic ARPES signal has the same shape
[10,12]. Recently this feature was exploited to try to measure
experimentally the excitonic wave function [54]. As at the IP
level, one difference is that in the noncoherent case the terms
with ¢ # ¢’ are not accounted for. Other differences could be
found probing the system with a time resolution short enough
to resolve the ultrafast oscillations of the coherent excitonic
state [11,39,50]. This, however, would in general lead to loss
of energy resolution. The main message of this section is
that the ARPES signal of a system with a finite excitonic
population has a clear signature [Fig. 4 (b)] and that such
signal can be constructed fully ab initio within the TD-HSEX
scheme.

IV. TRANSIENT ABSORPTION

We now turn to the analysis of the Tr-Abs signal from the
four states discussed so far. To this end I compute P (¢) =
Pp,(t) — Pp(t) obtained from the two time propagations with
and without the probe. Again the superscript is a label for the
corresponding state: i = a, c.a, b, c.b. The probe pulse used is
a deltalike function in time which excites the whole spectrum.
A dephasing term is applied when the Fourier transform of the
polarization is performed to smooth the final result:

P(i)(w) — / dt P(a/c.a)(t)eiwr—n(t—t,,)' (5)
tp
The transient signal is obtained subtracting the equilibrium
contribution: P%)(w) — P?(w). Following the derivation of
Ref. [45], it can be shown that this can be approximated via
an adiabatic response function constructed from the nonequi-
librium density matrix x [0,k (T)]().

In the top panel of Fig. 5, the Tr-Abs generated from the
coherent carriers state (a) and noncoherent carriers state (c.a)
are compared. The inset shows a plot of the corresponding
P@/¢) () polarization. While the pump step can be described
at the IP level for the pump resonant with the continuum, in
the probing step excitonic effects cannot be neglected. This
is why, to construct the Tr-Abs signal, I start from the state
generated at the IP level, but I further propagate the EOM in
the time window 160-260 fs at the HSEX level. A detailed
discussion on this point can be found in the Supplemental
Material. Since the EOM is propagated at the HSEX level, the
signal corresponds to the adiabatic response function obtained
solving the Bethe-Salpeter equation xZ5¢[p,,.x(t)](w). The
adiabatic approximation gives the exact result if the time du-
ration of the probe process is much slower than the dynamics
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FIG. 5. Transient absorption Ael’(w) = &l (w) — &’ (w) for
LiF shown for the four states introduced in Fig 1: coherent carriers
(a) and noncoherent carriers (c.a), and coherent exciton (b) and
noncoherent carriers distribution obtained dephasing the excitonic
state (c.b). The probe-induced polarization P®(t) = Pp, (1) — Pp(t)
is shown in the inset. The blue shaded line marks the laser pump
frequency, and the black dashed line the position of the quasiparticle
gap. The two extra insets in the lower panel show a zoom of 8;“1)((1))
(black line) and sgi)(w) around the two main excitonic peaks.

of the density matrix. This is the case in the noncoherent car-
riers state (c.a), where the density matrix is time independent.
The adiabatic formulation offers a clear interpretation of the
transient signal: due to the nonequilibrium density matrix, on
one side there is a reduction or bleaching of the transition due
to Fermi blocking, and on the other side both the quasiparticle
energies and the excitonic energies are renormalized [55].
This explains the overall derivative signal, which is domi-
nated by the energies renormalization, especially in the bound
region. In the coherent carriers state (a), corrections due to
the time oscillating terms 0,4,k (f) exist (as opposed to the
TR-ARPES signal of the system driven in the continuum).
However, they give here a negligible contribution as shown
in Fig. 5.

In the bottom panel of Fig. 5 the Tr-Abs generated from
the coherent exciton state (b) and the noncoherent state (c.b)
are compared. The inset shows a plot of the corresponding
P®/¢®)() polarization. While in the noncoherent case the
signal can be interpreted via the adiabatic response func-
tion x5 [ pumk (T)](®), in the coherent case (b) the adiabatic
approximation is not justified, because there is a dominant
fast oscillation in ..k (t). To analyze the transient absorp-
tion signal we can inspect the EOM for p.x, Eq. (1). The
term involving the variation of the HSEX self-energy can
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be expanded to linear order in the probe, i.e., I take either
the self-energy, AZ#*F or the density matrix, p~,, evalu-
ated without the presence of the probe. As discussed in the
Supplemental Material, these two terms give rise to a
renormalization of the excitonic peaks. Finally, the term
[U*", pleok can be seen as the source of bleaching, or more
in general of changes in the intensity of the peaks. This ex-
plains (without the need of the adiabatic approximation) the
derivative signal at the excitonic energies shown in Fig. 5.
Both for the coherent excitonic state (b) and the noncoherent
carriers state (c.b) the signal is mostly localized nearby the
pumping energy wp, = 12.5 eV, due to a blueshift of the
excitonic peak at 12.5 eV. The similarity between the signal
of the two states (b) and (c.b) is in sharp contrast with the
TR-ARPES case, where the dephasing procedure completely
changed the nature of the signal. The reason is twofold. In
TR-ARPES (i) the electron-hole interaction has a negligible
role in the interaction of the probe pulse with the system
since the probe does not generate excitons. However, (ii)
the signal is directly affected by the excitons generated by
the pump pulse since the exciton binding energy must be
supplied to break them and extract carriers. On the other
hand, in the Tr-Abs case (i) the probe generates coherent
excitonic states in the energy window of 12.5 eV and the
electron-hole interaction has a key role in this process, and
(ii) the signal is only indirectly affected by the presence of
the excitons generated by the pump pulse. Nevertheless, some
differences between the carriers and the coherent exciton
case remain. At the lowest energy excitonic peak, at 12.5 eV,
the peak intensity is reduced for the noncoherent state (c.b),
while it is enhanced for the coherent excitonic state (b). The
effect on the peak around 14.0 eV is even more striking with
an opposite shift in the two cases.

We now try to define the expected signal for the noncoher-
ent excitonic state (d), starting from the excitonic operators,
éiq, é)q, and use a noninteracting boson approximation, i.e.,
assuming that (i) the excitonic operator follows the bosonic
commutation rules and that (ii) the energy needed to generate
an exciton is independent of the exciton population. Doing
so I also neglect terms where the probe promotes an existing
exciton to a higher energy state. Such transition (w;q — wyq)
requires one to consider the internal structure of the exciton,
and is expected to be important in the low-energy range of
the spectrum [6]. The BSE response function can be defined
starting from the (retarded) excitonic propagator

1+ Nyo Nyo

LBSE(w) = 8, — , (6
o (@) M<w—wm+in w—a)m—i-in) (6)

which is independent on the excitonic population. Indeed the
emission term, proportional to Ny, is exactly compensated
by the enhancement of the absorption term due to the factor
1 4 N;o. I mention that, on the contrary, time-resolved pho-
toluminescence (TR-PL) experiments can be well described
starting from the bosonic approximation to the exciton [9]
since only the emission term is needed. The BSE response
function x%5(w) constructed from L5 () is identical to
the equilibrium one. This means that, while in TR-ARPES

the signal can be modeled, as a first approximation, starting
from the bosonic nature of the exciton, in Tr-Abs the same
approximation gives zero signal, and the corrections to the
bosonic nature of the exciton need to be considered. This is
why in Fig. 1(d) there is no expression for x5¢[N;q](w).
Nevertheless, the above analysis gives us some hints. The
absence of bleaching is in contrast with what would happen in
the presence of free carriers populations, where both the emis-
sion term [proportional to f.x(1 — f,x)] and the absorption
term [proportional to fykx(1 — fik)] are bleached due to Pauli
blocking. Indeed, as we observed looking at the numerical
results, the excitonic peaks are bleached in the presence of
carriers, while they are enhanced in the presence of coherent
excitons. The results presented in the present paper show
that also in Tr-Abs experiments the signal due to carriers
and excitons can be distinguished, although the effect is less
striking than the TR-ARPES case. A more detailed analysis is
needed to further clarify this point, including a scheme able to
compute numerically the Tr-Abs from a noncoherent excitonic
state.

V. CONCLUSION

In conclusion, I presented a scheme to describe pump and
probe experiments including the physics of the exciton. The
approach has been implemented in the real-time module of
the YAMBO code [56], and tested both in the case where LiF
is driven in resonance with the excitonic state and in the
case where the pump energy is in the continuum. The results
highlight the importance of excitonic effects first of all in
the TR-ARPES case, but also in the description of Tr-Abs
experiments. Part of the discussion has been focused on the
transition from a coherent state to a noncoherent population.
Recently published results, based on the interpretation of
pump and probe experiments via ab initio simulations that
do not fully account for excitonic effects, could be reviewed
[33-36]. The approach can become the reference scheme to
describe the generation and the detection of coherent excitons
in a wide range of materials, in the same way the ab initio
Bethe-Salpeter equation becomes the reference scheme for
modeling excitons at equilibrium. Different extensions are
possible, including the update of the screening to capture the
exciton Mott transition at higher pump fluences or the inclu-
sion of the interaction with phonons and photons to properly
model the dynamics of the coherent state, exciton dephasing
processes, and exciton lifetimes [57-60].
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