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Coherent optical spectroscopy such as four-wave mixing and photon echo generation deliver rich
information on the energy levels involved in optical transitions through the analysis of polarization of
the coherent response. In semiconductors, it can be applied to distinguish between different exciton
complexes, which is a highly non-trivial problem in optical spectroscopy. We develop a simple approach
based on photon echo polarimetry, in which polar plots of the photon echo amplitude are measured
as function of the angle  between the linear polarizations of the two exciting pulses. The rosette-
like polar plots reveal a distinct difference between the neutral and charged exciton (trion) optical
transitions in semiconductor nanostructures. We demonstrate this experimentally by photon echo
polarimetry of a CdTe/(Cd, Mg)Te quantum well. The echoes of the trion and donor-bound exciton are
linearly polarized at the angle 2o with respect to the first pulse polarization and their amplitudes are
weakly dependent on ¢. While on the exciton the photon echo is co-polarized with the second exciting
pulse and its amplitude scales as cos.

Four-wave mixing (FWM) spectroscopy provides precise and distinct responses for the different energy level
schemes of electronic systems. This was originally demonstrated in gases for different atomic transitions"?. Being
applied to semiconductor nanostructures FWM delivers detailed information on the coherent carrier and exciton
dynamics®.

In order to address and manipulate particular optical transitions in semiconductor nanostructures, the under-
lying exciton complexes such as neutral excitons, charged excitons, bound excitons, biexcitons, etc. should be first
identified. Often this is not easy to accomplish when the spectrum is contributed by several exciton complexes
that may spectrally overlap so that their identification is difficult. Even when they can be spectrally separated,
their assignment often is complicated as it requires detailed knowledge of the complexes binding energies that
are often not known sufficiently accurate. The typical approach then is to employ magneto-optical methods such
as detection of polarized photoluminescence, requiring application of strong external magnetic fields*”. Using
polarization-dependent FWM, and in particular photon echo (PE) spectroscopy, makes it possible to perform
such an identification without applying the magnetic field.

In semiconductor nanostructures, FWM and PE techniques involving laser pulse sequences with precisely
controlled polarizations can be efficiently used as tool to study different exciton complexes such as neutral
excitons®, charged excitons (trions)®-12, and biexcitons'>!. These techniques have been applied to investigate
exciton localization'®, many-body interactions'®"'%, and excitation-induced dephasing of excitons'. Various pro-
tocols of polarized excitation have been used in order to study the coherence of spectrally overlapping exciton
states, positively charged trions, and biexcitons in an ensemble of InAs/GaAs quantum dots by two-dimensional
Fourier-transform spectroscopy®.

Polarization-dependent FWM on excitons in semiconductor nanostructures has been subject of extensive
research for more than twenty years, however, the majority of studies has been performed in GaAs-based systems,
such as quantum wells (QWs)">~18, In order to understand the complex coherent behavior of excitons localized in
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Figure 1. Typical schemes of energy levels and allowed optical transitions in direct band-gap semiconductor
structures: For the trion/D’X (a) and the exciton (b). Small thin and thick arrows indicate the spin projections
of electrons and holes, respectively; numbers in brackets correspond to the total angular momentum projection
values. (c) Temporal sequence of the optical excitation pulses used in the model. (d) Main used polarization
directions of excitation pulses and detection: Angle ;= 0°, 90°, 45°, and 135°(j= L, 2, d) for horizontal (H),
vertical (V), diagonal (D), and anti-diagonal (A) polarizations, respectively.

GaAs/(Al, Ga)As QWs various nontrivial energy level schemes have been suggested, involving complex selection
rules'*182! Moreover, application of spectrally broad femtosecond laser pulses, as often used in FWM spectros-
copy, results in excitation of multiple optical states. This unavoidably causes complex many-body interactions
affecting the optical selection rules and causing excitation-induced dephasing that shortens the coherent dynam-
ics of the studied optical states.

In this paper, we exploit four-wave mixing spectroscopy with polarization sensitivity to study the polarimetry
of photon echoes detected from different exciton complexes in a semiconductor quantum well. We take advantage
of picosecond laser pulses to selectively excite individual optical states in a CdTe/(Cd, Mg)Te single QW includ-
ing the neutral exciton (X), the negative trion (T), and the donor-bound exciton (D°X). This avoids simultane-
ous generation of multiple optical excitations, which strongly reduces the efficiency of many-body interactions.
Operating in the weak excitation regime, we find different polarization properties for the photon echoes from the
neutral and charged excitons. Additionally, we perform polarimetry of the photon echoes on D’X, which has not
been studied so far with polarization sensitivity. We approve that DX exhibits a photon echo polarimetry that is
in full accordance with the trion model.

Results

Theoretical considerations. First, we consider the expected polarization properties of the photon echoes
on the trion and exciton in a simple theoretical model. Their typical energy schemes with the allowed optical tran-
sitions are shown in Fig. 1. The negative trion scheme consists of a degenerate pair of levels with resident electron
spin projections £1/2 and another pair of levels with trion spin projections £3/2 in the ground and excited states
of the crystal, respectively. The neutral donor-bound exciton (D°X) is formed from an electron bound to a donor
in the ground state and can be described by a similar level scheme.

In case of the exciton, we consider a simple V-type three-level energy scheme implying that the biexciton
binding energy is sufficiently large (about 4.5 meV?2), so that resonant excitation of the exciton does not drive the
biexciton transition. Such a scheme has zero angular momentum projection in the crystal ground state and £1 in
the excited state, as shown in Fig. 1(b). Due to the optical selections rules, only the optical transitions with differ-
ence £1 in angular momentum projection are allowed, as indicated by the red and blue arrows corresponding to
o, and o_ photons, respectively.

For both cases we compose the Hamiltonian applying the Rotating-Wave Approximation (RWA), H, and solve
the von Neumann equation to find the evolution of the density matrix p in the photon echo experiment:

ihp=H, pl, H=TH+V. 6]
We consider the interaction with light V as perturbation of the unperturbed Hamiltonian Hy:

Vi) = — f [d,(FE,(r, 1) + d ("E, (r, DI&r.
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Here d, are the circularly polarized components of the dipole moment density operator responsible for o
optical transitions and E_ (r, ) are those of the electric field of a quasi-monochromatic electromagnetic wave. For
the sake of simplicity, we consider rectangular-shaped pulses of duration #, resulting in the pulse areas f. ¢, for the
two circularly polarized components. Here the f. contain smooth envelopes of the circularly polarized compo-
nents E, and d,:

Zeiwt 5
. [0k, od', »

where d, are the corresponding matrix elements of the operators d., calculated with the basis function of the
trion/D%X or the exciton, in accordance with the level numbering in Fig. 1(a,b). We assume a quasi-linear in
power excitation (y®) regime and neglect relaxation.

fi) = -

Negatively charged trion. For the trion we compose the following stationary Hamiltonian in RWA with
the energy level numbering in accord with Fig. 1(a) and imply resonant optical excitation corresponding to the
Hahn echo case:

0 0 fr 0
go|0 0 0 f

fo0 A0

0 f 0 A

where A is the oscillator detuning.

We solve equation (1) for the following sequence of operations on the system, as shown in Fig. 1(c): The sys-
tem is excited by the first laser pulse during time interval ¢, with constant circular components f; .. Then the sys-
tem experiences free evolution during the time interval 7 — t,, which is followed by the action of the second laser
pulse with components f,.. The circular components f. and f,, indicate the polarizations of both pulses as
defined by equation (2). After the second period of free evolution during the time interval 7 — t,/2 the oscillators
rephase and the photon echo polarization builds up, which is analyzed in a specific polarization. Considering the
initial density matrix p° with the only nonzero terms ,0101 = p202 = 1/2, we find the following analytical solution for
the circular components of the PE field from the trion:

T 3 2
P‘7+ & tPfiJr (f2*+) ’

Py o tpfy () 3)

Exciton. We perform the equivalent procedure for the exciton. The initial 3 X 3 density matrix has only the
ground state populated, plo1 = 1, and the Hamiltonian reads as follows:

o fif
H=\|f A of
f 0 A

The analytical solution for the PE from the exciton gives us the following circular components:

P ot fs (5 iy + i)
P tofs (frf + 15 f). @

Photon echo polarimetry: Trion vs Exciton. In the photon echo polarimetry, which we develop here,
two linearly polarized exciting pulses are used to generate the photon echo. The angle between the linear polar-
izations of the exciting pulses, ¢, is varied and the polarization of the PE is analyzed. Namely, we analyze the PE
polarization by probing it in a certain linear polarization (detection), as described in Methods section.

To specify a certain polarization scheme for the excitation and detection we use the notation in form: HV — H.
Here, the polarizations of the two exciting pulses and of the analyzed one are indicated correspondingly before
and after the arrow. The symbols H, V, D, and A correspond to the polarization angles ;= 0°, 90°, 45°, and
135°(j=1, 2, d), as indicated in Fig. 1(d).

Now we use equations (2-4) to calculate the expected PE polarization from the trion (D°X) and the exciton
generated by the two linearly polarized pulses. The linearly polarized excitation of the j-th exciting pulse (j=1, 2)
with amplitude E; and tilt angle ¢; can be expressed in the following way:

j
E]

= LE[ e ]
E(‘r’; ’\/E / e_w/' (5)
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Figure 2. Detection and polarimetry of photon echoes from a 20 nm CdTe/(Cd, Mg)Te single QW: (a)
Photoluminescence spectrum measured at 7= 1.5 K. (b) Optical scheme of PE detection. (c) PE transient
detected from the trion at energy of 1.5981 eV and delay 7=40 ps. (d,e) Polar rosette-like patterns confirming
the theoretically expected behavior of the PE polarization in case of the trion (or D’X) and the exciton,
respectively. (f,g) Polar rosettes of experimentally measured PEs from the DX at 1.5972 €V, 7=53 ps and
exciton at 1.6008 eV, 7= 3.3 ps, respectively. In panels (d-g) the first pulse is H-polarized (¢, = 0°); black solid
and dashed lines correspond to the polarization of the reference pulse tilted by v, =2¢, and ¢,, respectively;
blue dotted and red dash-dotted lines correspond to the H and V polarizations of the reference pulse,
respectively. The amplitude of the PE is measured in arbitrary units.

Accordingly, the modulus of the linearly polarized component of the detected PE amplitude P, defined by the
tilt angle oy, for the optical transition k (k=X or T), reads as

By = |e ) + e"apk|. ©)

It is worth noting that any kind of FWM response measured in the x®-regime including the free-polarization
decay (self-diffraction of the second pulse) or the photon echo should obey the same polarization rules as
described by equations (3-6).

The polarized PE when the first pulse is H-polarized and the ¢, angle is varied, calculated using equations
(3-6), is shown in Fig. 2(d,e) for the trion (D°X) and the exciton, respectively. For brevity, due to their character-
istic shape the polar diagrams resulting from this analysis will be called polar rosettes in the following.

In the considered excitation sequence, the trion (D°X) PE is linearly polarized with the angle ¢p =2¢, and
the PE amplitude is independent of ¢,. This is shown in Fig. 2(d) with the solid line circle. Detection of the
H-polarized component results in the photon echo PEY,(¢,) o | cos2¢p,|, which produces four maxima in the
configurations HH — H and HV — H (the blue dot line). Correspondingly, detection of the V-polarized compo-
nent gives PEY(¢,) o< | sin2¢p,| with four maxima in the HD — V and HA — V configurations.

The same excitation sequence applied to the exciton should result in the photon echo being co-polarized with
the second pulse (@pg = ¢,) with the PE amplitude o |cosy;|. This is shown by the two black dashed circles in
Fig. 2(e). The H-component of the exciton photon echo PE3(p,) o cos*p, displays only two maxima in the
HH — H configuration and zero signal in the HV — H configuration. The four-lobe V-component of the exciton
photon echo PE3(¢p,) o | sin2¢,|/2 is similar to that of the trion PE, but twice smaller in magnitude.

Experimental results. In order to reveal differences in the polarization properties of the photon echoes on
the different exciton complexes we study a 20-nm-thick CdTe/Cd, ;sMg,,Te single QW. Figure 2(a) displays the
photoluminescence (PL) spectrum of the studied QW measured at the temperature of 1.5 K. It manifests lines
of the heavy hole exciton X, the negatively charged exciton (trion) T located 2.8 meV below, and the neutral
donor-bound exciton DX split off from the trion by 0.6 meV.

To generate photon echoes, we excite the QW with an H-polarized first pulse (¢, =0°) and vary the polar-
ization angle of the second pulse ¢, =0 ... 360°. The detected PE is analyzed at ¢, = 0° (H) and 90° (V) by a
proper choice of the reference pulse polarization, which is used in the optical heterodyning scheme, as described
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Figure 3. Photon echo polarimetry with the spectroscopic resolution: (a) Polar diagrams displaying the
dependence of PE amplitude on the second pulse polarization angle ¢, measured at two angles of the reference
pulse, o, =0° (blue line) and 90° (red line), from the donor-bound exciton DX, the trion T, the heavy hole
exciton Xy, the light hole exciton Xy, and the 1S state of the X, p,, exciton. Excitation energy and pulse delay
T are indicated in the legends. Scales in the panels are normalized by the PEyy_1; amplitude. (b) Spectral
dependences of the PE amplitude measured at 7= 3.3 ps in the following polarization configurations: HH — H
(black solid line), HV — H (cyan dash-dotted line), and HD — H (orange dashed line) scaled twice. (c) Ratios
of the PE amplitudes, which express the trion (cyan squares) and exciton (orange circles) contributions to the
polarimetric PE signal.

below. Additionally, the polarization of the detection is varied synchronously with the second pulse polarization,
=24, or ;= ,. This allows us to measure the photon echo amplitude in its expected linear polarization both
from the trion (D°X) and the exciton, respectively.

Figure 2(f,g) display polar rosettes of the polarimetric echo signals measured on the DX at energy of 1.5972 eV
and on the exciton at energy of 1.6008 eV. The respective pulse delays used in these measurements are 7= 53 ps
and 3.3 ps. The measurements on both systems are in good agreement with the theoretical expectations. There
is, however, some reduction of the PE signal measured on DX in the HV — H polarization configuration, which
appears as a squeezing of the trion (D°X) polar rosette along the V-direction.

From these rosettes we can extract distinct differences, which can be used to identify the trion and the exciton
contributions to the PE polarimetric signal: In the HV — H polarization configuration the trion has a strong PE
signal, while the exciton exhibits almost zero signal. In the HD — H configuration, on the other hand, the exciton
provides half of the maximal PE amplitude (measured in HH — H), while the trion manifests no PE signal.

Using these characteristics we accomplish photon echo polarimetry with spectroscopic resolution aimed at
observing separately the trion and exciton contributions to the echo signal. To carry out such a separation of con-
tributions we tune the laser energy in the vicinity of optical transitions present and detect the PE amplitude in dif-
ferent polarization configurations at a relatively short pulse delay (7= 3.3 ps). These spectroscopic measurements
are presented in Fig. 3(b). The PE amplitude in the HH — H configuration (PEyy_,y, black solid line), which is
not sensitive to the type of the optical transition, exhibits five resonant lines: Additionally to the donor-bound
exciton DX (1.5972€V), the trion T (1.5982 V), and the heavy hole exciton Xj, (1.6008 eV) present also in the
PL spectrum [Fig. 2(a)] the spectral lines of the light hole exciton X, at 1.6158 eV and the 1S state of the X, 13,
exciton at 1.6266 eV are observed. All features are broadened due to convolution with the laser pulse with a full
width at half-maximum of 0.9 meV.

Detection in the HV — H configuration results in a substantially different spectrum (PEyy_y in Fig. 3(b),
cyan dash-dotted line), which deviates strongly from the PEyy; ,y spectrum in the vicinity of the heavy hole exci-
ton and manifests zero signal around the light hole exciton and the X_,_py, exciton.

The PE spectrum measured in the HD — H configuration (PEyp_,y) is plotted in Fig. 3(b) scaled twofold with
the orange dashed line. By the contrast, it correlates strongly with the PEyy_,y data in the vicinity of the X, X,
and X, p;, exciton transitions and is substantially reduced around the DX and trion resonances.
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Figure 4. Photon echo decays measured on DX (1.5972eV) as dependences of the PE amplitude on the pulse
delay 7 for various polarization configurations. Fits by B exp(—27/T,) are given with dashed lines: for HH — H
(VV—V) B=540, T,=91 ps; for HV — H (VH — V) B=450, T, =82 ps. Inset shows the amplitude ratios
PEy_u/PEqp_p of the two fit curves for DX (1.5972 eV) by the solid line and for the trion (1.5982€V) by the
dashed line.

Figure 3(c) displays the spectral dependences of both the trion and exciton contributions to the PE signal
obtained as the signal ratios PEyy_1y/PEyy .y and 2PEyp 1y/PEyy y, respectively. In the low-energy range these
spectra clearly demonstrate a separation of the two different types of optical transitions. The echo signal meas-
ured below 1.5988 eV manifests mostly trion contributions, however, some contribution of the exciton signal is
also observed. This effective exciton contribution is associated with the reduction of the trion echo signal in the
HV — H polarization configuration, shown before. The exciton in turn exhibits a trion-like signal at energies
>1.600 eV which is apparently due to deviations of the real exciton level structure from the simple V-type model
considered here. It is remarkable that both light hole X, and X,,_1,;,, exciton features that are far from any trion
transitions display pure excitonic character (PEyy_,;=0).

The polar rosettes measured by the procedure described above on every of the optical transitions are shown
in the panels of Fig. 3(a). One can see from these polar rosettes that the trion excited at the energy of 1.5982 eV
exhibits an even stronger reduction of the PEyy_; component than the DX excited at 1.5972 eV. The polar
rosettes measured on the Xy, and X, y,, excitons are similar to those obtained by the theoretical model for the
neutral exciton [Fig. 2(e)].

In order to understand how the ratio PEyy_,;1/PEyy_y of the trion (D°X) PE signals changes with the pulse
delay 7 we measure the exponential PE decays by varying 7 and detecting the PE amplitude for co-polarized
and cross-polarized excitation. The decays of the PE signal on DX, shown in Fig. 4, manifest slightly differ-
ent coherence times, T,(HH — H) =91 ps and T,(HV — H) =82 ps, and amplitudes. We checked that rota-
tion of the whole polarization basis by 90° produces similar results, i.e. T,(VV — V)= T,(HH — H) and
T,(VH — V) = T,(HV — H). Similar measurements on the trion (1.5982¢V) gave T,(HH — H) =73 ps and
T,(HV — H) =67 ps (decays not shown). The inset in Fig. 4 displays the ratios of the PE decay fits in the cross-
and co-polarized configurations for both the D°X and T transitions. We do not discuss the origin of the small
coherence time difference here and leave this subject for future studies. We conclude that the observed type of
anisotropy does not relate, in lowest approximation, to the crystal axes orientation, but is a fundamental property
of the studied optical transitions excited in the co- or cross-polarized configuration.

Discussion

Polarization-dependent FWM and PE generation on excitons in semiconductor QWs have been intensively stud-
ied before. Yaffe et al. observed a strong reduction of the exciton echo intensity for cross-polarized excitation
of 3-nm-thick GaAs/(Al, Ga)As QWs, although the echo polarization was not analyzed. Schneider and Ploog
observed the correspondence of the PE polarization to the second pulse polarization, as well as the absence of the
echo signal in cross-polarized excitation of the exciton in a 12-nm-thick GaAs/AlAs QW at low temperature®.
The complete set of Stokes parameters of the FWM response from the exciton in GaAs/(Al, Ga)As multiple
QW s was measured and analyzed with femtosecond temporal resolution by Paul et al.’”. They concluded that,
in general, the polarization of the FWM signal is highly elliptical and shows a complex temporal dynamics. This
was explained by complex many-body interactions and a five-level scheme of the involved optical transitions.
The group of Cundiff published several papers on polarization-dependent photon echoes on excitons localized
in GaAs/(Al Ga)As QWs!>1824 These studies, however, deal with strong optical excitation causing many-body
interactions to strongly affect the coherent dynamics of excitons and the optical selection rules. Wagner et al.
employed FWM spectroscopy using femtosecond pulses and different polarization protocols of excitation to dis-
tinguish between the trion and the biexciton’, and between the heavy-heavy-hole biexciton and heavy-light-hole
biexciton possessing different optical selection rules'? in a single ZnSe/(Zn, Mg)Se QW.

In the present paper, we have chosen the model system of a CdTe/(Cd, Mg)Te QW with spectrally well isolated
optical transitions, that was previously studied by other FWM-based techniques*>?. In particular, to precisely
distinguish between the donor-bound exciton and trion transitions three-pulse photon echo spectroscopy in an
external magnetic field was carried out®. These two optical transitions were distinguished using a difference in
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the g-factor, whose spectral dependence revealed a step-like behavior in the relevant spectral range. In another
FWM study optical Rabi flops could be observed in the photon echo amplitude on the same sample®. The flops
manifested a substantial difference between the DX and the trion: Rabi oscillations from DX experience less
damping compared to the trion. Based on the different FWM studies, it can be generally concluded that DX tends
to be substantially more robust in the coherent optical behavior than the trion. In addition to the longer-lived
coherent dynamics, here we find that D°X shows a polarimetry of photon echoes that is in a close correspondence
to the 4-level trion model. We believe that this is due to stronger localization of DX than of the trion.

Outlook. We have suggested a photon echo polarimetry method to identify the origin of the exciton com-
plexes in semiconductor nanostructures. Using certain polarization protocols in optical excitation and analyzing
the polarization of the photon echoes we have clearly distinguished between the trion and the exciton in the
CdTe/(Cd, Mg)Te quantum well. We have shown that the donor-bound exciton, due to its energy level structure,
manifests polarization properties of photon echoes qualitatively similar to those of the trion. The neutral excitons
generate photon echoes in accordance to a simple V-type system. Deviations of the observed photon echo polar-
imetry from the presented simple theoretical models may be studied to understand coherent interactions between
the different exciton complexes which may cause modifications in the optical selection rules. In particular, the
photon echo polarimetry can be applied to materials, in which the exciton complexes are known to have complex
optical selection rules or have not been studied well so far. Among them, materials such as halide perovskites?”?
or transition metal dichalcogenide monolayers®®* can be suggested. Also, wurtzite ZnO-based materials are of
interest, for which robust coherent dynamics of the different optical transitions were recently observed through
photon echoes®*3¢.

In addition, the presented method can be used to study other exciton complexes. In particular, the positive
trion, as well as the neutral acceptor-bound exciton (A’X), have a similar energy scheme as the negative trion, so
that the trion polar rosette is expected to show up in their PE polarimetry. Similarly, the ionized donor-bound
exciton (D*X) and the ionized acceptor-bound exciton (A~X) are expected to exhibit exciton-like polar rosettes.

Methods

Sample. The studied structure is a 20-nm-thick CdTe/Cd,,sMg,,,Te single QW grown by the molecu-
lar-beam epitaxy (sample 032112B). Details of the structure growth can be found in ref.?>. The structure was
not intentionally doped with donors and the resident electron density n;< 10!° cm? is due to an unavoidable
background of impurities. Illumination of the sample by a weak unfocused green cw-laser above barrier (photon
energy 2.33eV) was used to generate photo-injected carriers, which results in an increased population density
of trions.

Time-Resolved Four-Wave Mixing. To generate photon echoes and study the PE polarimetry we imple-
mented a time-resolved four-wave mixing technique®. The sample mounted in a helium bath cryostat and cooled
down to 1.5K is excited by a sequence of two picosecond laser pulses generated by a tunable Ti:sapphire laser. The
first and second pulses with wavevectors k, and k,, respectively, are focused into a spot of about 200 zm in diam-
eter. Their directions are close to the sample normal. The pulses are separated in time by a variable delay 7 tuned
by means of an optical delay line. The laser pulse duration is about 2 ps. The FWM signal is collected in the reflec-
tion with wavevector 2k, — k; and mixed with an additional reference pulse on the photodetector, as shown in
Fig. 2(b). This optical heterodyning is applied in order to accomplish a background-free high-sensitivity measure-
ment of the FWM signal. The modulus of the cross-correlation of the FWM signal amplitude Egyy,, with the ref-
erence pulse field Eg. is detected at the output of the photodetector: Sgyy o |EpwpEregl- Thus, only the
polarization component of the FWM signal defined by the reference pulse is measured. A detailed description of
this technique can be found in ref.®.

Figure 2(c) demonstrates a typical FWM transient measured at the trion resonance (1.5981 eV) for a delay
T=40 ps. The observed coherent burst occurring at 27=_80 ps delay is the PE pulse convoluted with the reference
pulse. In experiment, the PE amplitude when the reference pulse is centered exactly at 27 delay is studied.

It is known from previous studies carried out on the same QW structure that optical excitation at elevated
power densities may result in coherent Rabi flops of the PE amplitude accompanied by temporal shifts of the echo
pulse, which were recently studied using the time-resolved FWM technique®. In order to avoid this effect and
stay in the quasi-linear x®-regime we employ low-power pulses providing a total pulse power below 20 nJ/cm?.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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