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Abstract. Excitons characterize the ultrafast response of many materials of technological interest. While the
development of attosecond science has unlocked the possibility of performing experiments with a suitable time-
resolution, the access to the exciton properties remains a non-trivial step. We propose therefore a novel approach
to disclose the physical properties behind the ultrafast exciton dynamics based on a phase-retrieval method.

1 Introduction

Excitons are at the basis of several technological appli-
cations in the field of electronics and optoelectronics [1],
and their relevance for future devices is expected to grow.
The thorough study of their physical properties and opti-
cal response is, therefore, a necessary endeavor to achieve
their active (optical) control. In this context, attosecond
transient absorption and reflection spectroscopies have al-
lowed for the study of ultrafast exciton and electron dy-
namics in solid-state materials [2—4]. However, the direct
extraction of the relevant parameters governing the exci-
tonic response, such as the lifetime and the phonon cou-
pling strength, is a non-trivial procedure and often requires
a priori assumptions. Here, we propose a novel method to
achieve this goal: ePIX (the extended Ptychographic Iter-
ative engine for eXcitons), based on an iterative ptycho-
graphic approach [5].

2 Methods

To describe the ultrafast exciton dynamics, we employ the
model reported in [6] for atomic-like quasi-particles in
solids. The attosecond extreme-ultraviolet (XUV) pulse
induces an electronic dipole in the material
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where T, is the Auger lifetime of the exciton, e®0 de-
scribes phonon coupling, as discussed in [7], and 7w, is
the transition energy associated to the XUV-induced exci-
tation. 6(¢) is the Heaviside function, that physically de-
scribes the instantaneous creation at time ¢ = 0. The com-
plex dynamic permittivity e(w, T) resulting from the inter-
action of the dipole with an intense infrared (IR) field can
be expressed as
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where € is the permittivity response of the crystal struc-
ture (for simplicity supposed to be constant), k is a con-
stant and P(tz, 7) is defined as [8]
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The quantity P(z,7) models the interaction of the dipole
O(t) with the IR field E(¢) through the dynamical Stark
shift, and the quantity y + i3 is the complex polarizability
associated to the exciton state [9]. The result of a tran-
sient reflection experiment, where the XUV induces the
formation of an exciton, can be modelled by applying the
Fresnel equations to the permittivity e(w, 7). The IR vec-
tor potential A(¢) defines the IR field E(¢) and is assumed
to be Gaussian within the reconstructing algorithm

A([) = AO COS {u)IR r+ (I)IR + CRI2} 6_410g212/FWMH2 (4)

where Ay is the amplitude, wyg is the frequency, @ is the
phase, CR is the chirp rate and FWMH is the amplitude
full width at half maximum. Our reconstruction method
employs the theoretical model of Eq.(2) to extract O(t)
and E(f) from a transient reflection trace. The algorithm is
a suitably-modified version of the extended ptychographic
iterative engine (ePIE), already employed in the time do-
main to perform attosecond pulse reconstruction. ePIX,
however, significantly differs from ePIE: the constraints
set on the object O(f) and probe P(¢) must be appropriately
recast, in order to apply the algorithm to the new physi-
cal context. The reconstruction takes place in two distinct
steps within the algorithm, to enhance robustness of the
convergence. The first stage (Ptychographic Iterative En-
gine, PIE) updates the the complex polarizability y + i,
while keeping the IR field E(¢) fixed. The second step (ex-
tended Ptychographic Iterative Engine, ePIE) updates the
field, within the assumption of a Gaussian temporal pro-
file. If convergence is not reached, it is always possible
to iterate this procedure. Figure 1 summarizes the recon-
struction process.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Scheme of the reconstruction algorithm. The reconstruction takes place in two steps: in the first stage (PIE), the algorithm
updates the complex polarizability y + i7; in the second stage (ePIE), the polarizability is kept constant, and the IR field is modified.
Both PIE and ePIE update the dipole O(t), associated to the exciton dynamics.
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Figure 2. Simulated, a), and reconstructed, b), transient reflectivity trace associated to an excitonic transition, described by the pa-
rameters of Table 1. ¢) Simulated, black solid, and reconstructed, red dashed, dipole moments. d) IR field: simulated, black solid,
reconstructed, red dashed, and an example of initial guess, gray dotted. Both amplitude and phase of the dipole moment O(f) are
correctly reconstructed. Notice, also, that the ptychographic approach also allows for the retrieval of the IR field.
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Table 1. Simulated and reconstructed parameters, defining the
exciton, its interaction with the phonons and with the IR field.

Parameter Sim. Rec.
Amplitude k (fs™T) 30.0 30.0 £ 0.22
Lifetime T, (fs) 4.0 3.99 + 0.076
Exciton freq. w, (radfs™!) 84 84 + 0.0083
Phonon coupl. My (fs71) 0.3 0.3 £ 0.0014
Phonon freq. wp (radfs™')  0.15  0.15 + 0.0057
IR FWHM (fs) 8.0 7.99 + 0.045
IR phase @,z (rad) 1.26 1.25+£0.013
IR chirp CR (fs72) 0.05 0.051 +0.0035
a (rad fs~! A? V?) -5.0 —5.02 +0.037
y (rad fs™' A2 V2) 2.0 2.01 £ 0.022
3 Results

To verify the validity of our approach, we tested ePIX on
a set of simulated traces, where we include Auger decay
and a finite phonon relaxation. The values used for the
simulations are summarized in Table 1. Figure 2a shows
the transient reflectance trace, described by the parameters
of Table 1 and simulated with Eq. (2). The reconstructed
trace obtained with ePIX is shown in Fig. 2b. All features
in the transient reflectivity trace are correctly recovered.
The comparison between the simulated and reconstructed
dipole moments, in Fig.2c, confirms the accuracy of the
reconstruction. Notice that the phase of the dipole is cor-
rectly recovered, as well as the modulus. The exciton and
phonon parameters can then be determined by fitting the
output dipole O(¢). The results are reported in Table 1:
the indicated errors are standard deviations, obtained by
performing 4 reconstructions with different initial guesses.
We found the final reconstructed values of all parameters
to agree with the simulated with high degree of accuracy.
Note that our method also allows for the recovery of the
IR field, as shown in Fig.2d. We have also verified that
our method is more accurate when compared to an or-
dinary non-linear fitting procedure, and requires fewer a

priori information on the exciton dynamics, since ePIX
makes no assumption regarding the dipole O(¢). To further
demonstrate that ePIX is a valuable tool for the investi-
gation of exciton dynamics in transient reflectance mea-
surement, we applied the algorithm to different transient
reflectance traces, obtained with different choices of the
physical parameters: in all cases, the reconstruction accu-
racy was the same as discussed here.

4 Conclusions

We have proved that our novel approach to reconstruct ex-
citon dynamics, ePIX, is effective and precise, and allows
to determine the characteristics of the exciton interaction
with the phonon population and the external IR field. The
method fully exploits the potential and versatility of pty-
chographic algorithms: the reconstruction of the exciton
time-dependent dipole is robust and independent of the
initial guess. In addition, the IR field can be character-
ized within the same reconstruction procedure. ePIX can

hence be a useful tool in understanding ultrafast exciton
dynamics, paving the way towards a more complete com-

prehension and control of their optoelectronic properties.
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