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Cs-based semiconductors like Cs;Sb and Cs,Te are currently used as photocathodes in particle accelerators.
Their performance as electron sources critically depends on their interaction with intense laser sources. However,
detailed studies on their strong-field excitation dynamics are currently missing. In this work, we employ real-time
time-dependent density functional theory to investigate from first principles the time-dependent response of
Cs3Sb and Cs, Te to ultrafast pulses of varying intensities, ranging from 1 GW /cm? to 1 PW /cm?. Our analysis
reveals that nonlinear effects, including high-harmonic generation, emerge with intensities of 100 GW /cm? in
Cs3Sb and 200 GW /cm? in Cs, Te. We show that beyond these thresholds, the excitation mechanisms evolve from
one-photon absorption saturation to increasingly dominant multiphoton absorption (above 1 TW /cm? for Cs;Sb
and 5 TW /cm? for Cs,Te). Under the highest field intensities (>10 TW /cm?), the onset of tunnel ionization is
identified through occupation analysis. These findings offer material-specific insights into the nonlinear optical
properties and nonequilibrium electron distributions in the femtosecond regime of these photocathode materials,
providing valuable indications to optimize their performance and stability as high-brightness electron sources.
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I. INTRODUCTION

Ultrabright electron beams generated by radio-frequency
(rf) photoinjectors are an important tool in modern material
science, offering a powerful way to explore in great detail
the fundamental properties of different classes of compounds
[1,2]. They are an essential part of advanced synchrotron fa-
cilities and free-electron lasers around the world [3-5], where
most of such experiments are performed. In rf photoinjectors,
electrons are released from the photocathode through the pho-
toelectric effect. The emitted electrons are then accelerated by
strong electric fields, giving rise to ultrabright electron beams.
High-quality beams are achieved with high peak current for
reduced gain length, low emittance for a small beam cross
section, and a narrow energy spread [4,6,7]. Since the beam
quality is directly linked to the properties of the photocath-
ode, it is essential to select and optimize its composition and
characteristics appropriately. This need has driven extensive
research in the last decade, focused on developing materials
with high quantum efficiency, long durability, low thermal
emittance, and fast response times [4,8—12].

While metals are the most established photocathode mate-
rials [4,13], current trends in accelerator physics increasingly
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favor alkali-based semiconductors, thanks to their high quan-
tum efficiency and ability to produce low-emittance beams at
high repetition rates [4,11,14]. Cs,Te and Cs3Sb are among
the most studied compounds because they offer high quantum
efficiency, good thermal stability, durability, and reliable per-
formance [15-18]. The rise of these materials has received
essential support from computational studies based on ab
initio methods such as density-functional theory (DFT) and
many-body perturbation theory, which have contributed to
shed light on their fundamental properties, including their
electronic structure, vibrational properties, and response to
radiation [19-32].

For a complete understanding of light-matter interactions
in Cs,Te and Cs;Sb, it is important to analyze their nonlinear
response to ultrafast coherent pulses of varying intensities
approaching or even overcoming those impinging on the pho-
tocathodes to produce electron beams. The most suitable ab
initio scheme for this purpose is real-time time-dependent
DFT (RT-TDDFT) [33], which provides a reliable description
of the evolution of the electron density subject to an external
time-dependent electric field of tunable frequency, polariza-
tion, shape, duration, and intensity. Being a nonperturbative
approach, RT-TDDFT delivers the complete response of the
material including nonlinear effects [34]. While initially im-
plemented for confined systems like molecules and clusters
[35], this formalism has been successfully applied to several
classes of crystalline materials, ranging from bulk semicon-
ductors [36—38] and insulators [39,40] to monolayers [41-43]
and their heterostructures [44—46].

In this work, we study from first principles the excited-
state dynamics of Cs,Te and Cs3Sb crystals impinged by
femtosecond pulses in resonance with their dominant absorp-
tion peaks in the ultraviolet (UV) and visible region. Our
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goal is to address the following pressing questions that are
crucial for the development of high-performance photocath-
odes: (i) What are the strong-field excitation dynamics in
these materials? (ii) How do different excitation mechanisms
contribute to their electronic response under high-intensity
UV /visible lasers? (iii) What are the nonequilibrium electron
distributions ruling the ultrafast dynamics in Cs-based semi-
conducting photocathodes? To address these points, we adopt
the nonperturbative framework of RT-TDDFT. By irradiating
the systems with pulsed radiation ranging in intensity from
1 GW/cm? up to 1 PW/cm?, we thoroughly investigate the
nonlinear optical response of these materials, focusing on
relevant phenomena like high-harmonic generation and multi-
photon absorption. Exploring such a broad power range, even
beyond the operational intensities of photocathodes in parti-
cle accelerators, is essential for systematically mapping the
transition from weak to strong light-matter coupling regimes
and for determining the intensity threshold above which the
electronic response becomes distinctly nonlinear. Through the
analysis of critical quantities such as the number of excited
electrons and absorbed photons, we estimate the absorption
efficiency as a function of the laser intensity, identifying
and discussing key mechanisms ultimately affecting the op-
erational performance of semiconducting photocathodes for
ultrabright electron beams.

II. COMPUTATIONAL METHODS
A. Theoretical background

The calculations presented in this study are based on DFT
[47,48] and RT-TDDFT [49] as implemented in the OCTO-
PUS code [50] adopting a real-space grid representation for
the electron density. Linear absorption spectra are computed
by perturbing the systems with an instantaneous broadband
electric field (§ kick) in the velocity gauge [33]. The optical
conductivity o () is obtained by dividing the current density
by the incident electric field £(w) induced by the § kick:

J(w)
E(w)
The imaginary part of the dielectric function &(w) is related

to the real part of the optical conductivity by the conventional
formula:

o(w) =

ey

4w Q
Im[e(w)] = &)—wRe[G(w)], (2)

where w is the frequency of the incoming radiation, 2 the
unit-cell volume, and &, the amplitude of £(w).

The time-dependent response of the system under an ultra-
fast electric field is evaluated by applying a vector potential
[51] satisfying the usual relation

_ dA@)
Et)=— TR 3)
The microscopic current density
: 1 x o  A@)
jr, )= 2_Nk % |:¢nk(r, t)(—zV + T)¢>nk(r, 1)+ c.c.]
(4)

is obtained from the solutions of the time-dependent Kohn-
Sham (KS) equations [52], ¢uk(r,t), where N is the total
number of k points sampling the Brillouin zone. Integrating
Eq. (4) over the unit-cell volume €2 leads to the time-
dependent macroscopic current density

— 1 : 3
o= /Q i 0d?r, ®)

which enters the expression of the high-harmonic generation
(HHG) spectrum,

2

H(w) = , (6)

/‘00 Me_"“”dt
0 dt

obtained from the squared Fourier transform of the macro-
scopic current density in Eq. (5).

The population of the time-dependent KS states is ob-
tained from their projection onto the ground-state KS states at
t=0:

Pusc(®) = Y 1buclt = )i (1)) . ™

The occupation density is given by the ground-state density of
states weighted by P, k(¢):

all

N(e,t) = 8(e — e ) Pux(®), @®)

nk

while the number of excited electrons per unit cell is obtained
by summing P, x(t) over all unoccupied states:

unocc

Nex(t) =Y Pux(t). ©)

nk

The time-dependent energy per unit volume absorbed by the
system from the field corresponds to the difference between
the total energy at a certain time ¢ after the perturbation and
the ground-state energy, AE(¢t) = E(t) — Egs. This quantity
is related to the total current and the external field via

AE(t) = /) I - E@)dt . (10)
C

The number of photons absorbed by the irradiated material is
the ratio between AE, evaluated at the end of the pulse prop-
agation (f = tg,), and the energy associated with the carrier
frequency of the applied field (fiwp):

AE (tin)
Fla)() '

ph = (1 1)
The number of incoming photons is estimated by calculating
the total energy of the pulse, Epyis, obtained by integrating the
intensity over time and multiplying it by the effective unit-cell
area A, divided by the photon energy Ejnoton = fiwo,

Epuise _ I/ 2w 1A

(12)
Ephoton hwo

in __
Nph -

where [ is the peak intensity of the pulse and 7y is the standard
deviation of the Gaussian envelope. The photon absorption
efficiency is finally defined as the ratio between the number
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of absorbed and incident photons:
Npi

in’
N ph

Ay =

13)

It is worth noting that, in this theoretical approach,
electron-hole correlations are not explicitly accounted for. In
dedicated work [25], it was clarified that excitonic effects have
only a minor impact on the linear absorption of both Cs3Sb
and Cs,Te, mainly consisting of an expected redshift of the
spectral weight, with relative energies and intensities of the
interband transitions remaining unaffected. By pumping the
systems resonantly with excitations well above the spectral
onset and probing their response nonperturbatively, we can
exclude the possibility that excitonic effects substantially alter
the results presented in this study. Conversely, in the calcula-
tion of susceptibility tensors, which is not undertaken here,
electron-hole interactions could play an important role [53].

B. Computational details

Ground-state calculations are carried out on a real-space
grid with 0.2 A spacing and k-meshes with 5 x 5 x 5 points
for Cs3Sb and 4 x 6 x 4 points for Cs,Te obtained from a
modified version of the Monkhorst-Pack scheme [54]. Norm-
conserving ONCV pseudopotentials [55] are used to treat core
electrons, and the Perdew-Burke-Ernzerhof (PBE) approxi-
mation [56] is adopted for the exchange-correlation potential
in DFT and for the exchange-correlation functional in RT-
TDDFT. We did not include spin-orbit coupling based on
previous findings [25,26] indicating a negligible role of this
effect on the band structures of selected alkali-antimonides
and -tellurides. On this basis, we do not anticipate any relevant
impact of this effect on the strong-field resonant dynamics
investigated in this work. The lattice parameters of both mate-
rials are taken from Ref. [26] without performing any further
optimization.

Linear absorption spectra are computed from RT-TDDFT,
adopting the Yabana-Bertsch scheme [49] extended to solids
[33]. The time propagation is carried out for 10 fs on both
materials, adopting a time step of 1 as for Cs3Sb and of 0.5
as for CsyTe. To minimize the numerical divergence at low
frequencies, which is inherent to this method [57], in these
runs, we increase the k-point density to 10 x 10 x 10 points
for Cs3Sb and 5 x 8 x 4 points for Cs,Te. To probe their non-
linear response, the systems are subsequently perturbed with
an x-polarized pulse of Gaussian shape. The pulse applied
on Cs3Sb has its peak intensity at fp = 18 fs and a standard
deviation 1y = 5 fs, corresponding to a spectral width of about
360 meV. For Cs,Te, the peak intensity of the pulse is set
at fp = 15 fs and its standard deviation is 7y = 4 fs, leading
to a 450 meV bandwidth. The pulse frequency is set to 2.4
eV/h for Cs3Sb and 3.6 eV/A for Cs,Te, in resonance with
the absorption maxima dominating the linear spectra of the
two materials to ensure that the incoming energy is efficiently
taken up. Pulses of increasing intensities are adopted, ranging
from 1 GW /cm? to 1 PW /cm? and including several interme-
diate steps to determine the threshold of nonlinear response of
both systems accurately. Time propagations are run for 70 fs
for Cs3Sb and 60 fs for Cs,Te, with time steps ranging from
0.7 as to 2.2 as, depending on the laser intensity.

Energy (eV)

FIG. 1. Linear absorption spectra of (a) Cs3;Sb and (b) Cs,Te cal-
culated as the imaginary part of their macroscopic dielectric function.
In contrast with cubic Cs;Sb, characterized by a single inequiva-
lent component of ¢, the spectrum of orthorhombic Cs,Te exhibits
distinct contributions along each Cartesian direction. (insets) Ball-
and-stick representations, generated with the visualization software
VESTA [64], of the unit cells of (a) Cs3Sb and (b) Cs,Te, with Cs
atoms depicted in blue, Sb atoms in orange, and Te atoms in gold.

III. RESULTS AND DISCUSSION

A. Structural properties

The crystal structure of Cs3Sb consists of a face-centered
cubic (fcc) lattice with space group Fm3m, already adopted
in previous theoretical studies [19,22,23,26,58] as a simplifi-
cation of the cubic lattice originally proposed by Jack et al.
[59]. The primitive unit cell, shown in the inset of Fig. 1(a),
includes three Cs atoms at fractional positions (}—1, }1, }—1), (%, %
%), and (%, %, %) with the first and last being chemically equiv-
alent [23], and one Sb atom located at the origin. The adopted
lattice parameter of 9.298 A is taken from the PBE results of
Ref. [26]. This value overestimates the experimental reference
by 1.18%, a known shortcoming of the PBE functional [60].

Cs,Te belongs to the Pnma space group and is charac-
terized by an orthorhombic unit cell with lattice vectors a =
9.542 A, b =5.845 A, and ¢ = 11.591 A taken from the PBE
results of Ref. [26]. The unit cell, depicted in the inset of
Fig. 1(b), includes eight Cs atoms and four Te atoms, and cor-
responds to the experimentally established Cs,Te polymorph
[61]. Other phases of this material, which have been computa-
tionally predicted to be stable [62], are not considered in this
work. The band structures and density of states computed for
both materials are visualized in Fig. S1 of the Supplemental
Material [63].

B. Linear absorption spectra

The linear absorption spectrum of Cs3Sb is dominated by
a strong peak at 2.4 eV preceded by a shoulder around 1.5 eV
[Fig. 1(a)]. Weaker maxima are found around 3 and 4.5 eV
while deeper in the UV region, the material is almost trans-
parent to radiation. The main absorption features displayed
in Fig. 1(a) are consistent with those obtained from the GW
approximation and the solution of the Bethe-Salpeter equation
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[25], likely due to a mutual compensation of quasiparticle
corrections and exciton binding energies.

The absorption spectrum of Cs,Te [Fig. 1(b)] starts at
approximately 2 eV and exhibits sharp maxima at 3.6 eV in
the x polarization and at 3.45 eV along z. In the y direction, a
broader peak appears at 3.9 eV. Similar to Cs3Sb, also Cs,Te
is almost transparent to near-UV light except around 12 eV,
where a weak maximum appears, especially in the z compo-
nent. Due to larger and nonmatching values of quasiparticle
corrections and exciton binding energies in this material,
the agreement between Fig. 1(b) and results obtained in the
framework of many-body perturbation theory [25] is worse
than for Cs3;Sb. On the other hand, expectedly, the results
plotted in Fig. 1(b) match very well the independent-particle
spectra presented in Ref. [25]. When comparing absorption
spectra computed from RT-TDDFT with those obtained from
perturbative approaches, it is crucial to consider that, in the
former, the spectral smearing is inherently determined by the
finite duration of the time propagation while, in the latter, usu-
ally yielding §-like excitations as eigenvalues of an effective
Schrodinger equation [65], an artificial broadening is applied
in postprocessing to obtain the desired spectral resolution.

Another important remark in this analysis concerns the
finite values of the imaginary part of the dielectric function
in the region near 0 eV, a known artifact of the adopted RT-
TDDFT formalism. This spurious contribution is due to the
finite duration of the time propagation used in the simulations
[57], which introduces an artificial broadening that extends
into the subgap energy region. To maintain full transparency
regarding the results of the RT-TDDFT calculations and their
inherent characteristics, we display in Fig. 1 the raw output of
our runs without any filtering of unphysical points.

C. High-harmonic generation

With the knowledge of the linear optical properties of
Cs3Sb and Cs,Te, we proceed with the analysis of their
time-dependent response to an ultrafast electric field set in
resonance with their most intense excitation in the UV-visible
region (black arrows in Fig. 1). In the case of Cs,Te, we excite
the system along the x direction, targeting the maximum at
3.6 eV. We first examine the HHG spectra computed from
Eq. (6), comparing the results obtained with four increasing
laser intensities ranging from 1 GW/cm? to 100 TW /cm?,
see Fig. 2.

With the weakest pulse (/ = 1 GW /cm?), the HHG spec-
trum of Cs3;Sb contains only the fundamental harmonic at
hiwg = 2.4 eV, corresponding to the carrier frequency of the
pulse [Fig. 2(a)]. In this linear regime, the response of the
system can be described by the microscopic form of Ohm’s
law, where the current density is proportional to the applied
electric field

J(w) = o (w)é(w), (14)

consistent with Eq. (1). As shown in Fig. 2(b), by increasing
the laser intensity to 100 GW /cm?, higher harmonics are ex-
cited. Due to the inversion symmetry of the Cs3Sb crystal, the
second harmonic is silent while the third one is clearly visible
at 3wy = 7.2 eV. Further increase of the field intensity to
100 GW /cm? excites also the fifth harmonic, generating a

weak but distinct signal at Shwy = 12 eV. These findings
indicate a nonlinear response of the system, where the current
density is no longer proportional to the applied electric field as
in Eq. (14). Instead, the generation of higher harmonics indi-
cates the appearance of nonlinear optical processes, involving
both interband and intraband transitions [66,67].

By further increasing the laser intensity to 1 TW /cm?,
the magnitudes of the third and fifth harmonics increase, and
higher harmonics up to the eleventh order are generated, see
Fig. S2 of the Supplemental Material [63]. In the energy range
visualized in Fig. 2(c), the seventh harmonic is visible at
Thwy = 16.8 eV in addition to the third and fifth ones. When
the external field reaches the intensity of 100 TW/cm?, the
baseline of the HHG spectrum is significantly elevated across
the entire frequency range shown in Fig. 2(d). In this case, the
harmonic peaks become much less distinct due to strong-field
effects, including enhanced ionization and tunneling [67]. The
nonvanishing spectral components at frequencies correspond-
ing to even high harmonics hint at a (dynamical) symmetry
breaking in the density distribution of Cs3Sb induced by the
strong electric field [68], along with other complex nonlinear
effects that cannot be straightforwardly singled out in the
adopted nonperturbative approach.

The results obtained for Cs,Te, displayed on the right side
of Fig. 2, are qualitatively similar to those discussed above
for Cs3Sb. The weakest pulse intensity of 1 GW /cm? excites
only the fundamental harmonic at iwy = 3.6 eV [Fig. 2(e)].
With even harmonics being forbidden in the centrosymmetric
Cs,Te crystal, the third-harmonic signal at 3/iwy = 10.8 eV
is triggered by a laser intensity of 500 GW /cm? [Fig. 2(f)],
which is a factor of 5 larger compared with the one needed
to excite the same component in Cs3Sb [Fig. 2(b)]. An inten-
sity of 5 TW/cm? activates higher harmonics up to 7hw =
25.2 eV, see Fig. 2(g). The HHG signal generated by I =
100 TW/cm? shows again an elevated baseline as in Cs3Sb
[compare Fig. 2(h) with Fig. 2(d)]. However, in contrast with
Cs3Sb, in the HHG spectrum of Cs;Te, the peaks associated
with the odd harmonics remain distinct from the background
noise and minima appear at the energies of the even harmon-
ics, suggesting a higher threshold for tunneling and ionization
for this material.

Overall, the results presented in Fig. 2 indicate a higher
HHG yield in Cs,Te than in Cs3Sb. This enhancement can
be attributed to two main factors. First, the slightly higher
atomic number of Te (Z = 52) compared with Sb (Z = 51)
leads to a stronger electron-nuclear potential due to increased
Coulomb interaction [69]. Although subtle, this effect can-
not be ignored. Second, the lower proportion of Cs atoms
with respect to the nonmetallic species in the unit cell of
Cs,Te compared with Cs3Sb reduces the influence of de-
localized Cs electrons, resulting in a greater contribution
from the heavier Te atoms to the electron-nuclear poten-
tial, leading to a more pronounced spatial variation of the
electron density.

D. Number of absorbed photons, number of excited electrons,
and photon absorption efficiency

To further assess the nonlinear response of Cs3;Sb
and Cs,Te to resonant pulses of increasing intensity, we
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FIG. 2. HHG spectra of Cs;Sb (left) and Cs,Te (right) impinged by pulses with intensity (a) I = 1 GW/cm?, (b) I = 100 GW /cm?,
(©) 1 =1TW/cm?, (d) I = 100 TW/cm?, (e) I = 1 GW /cm?, (f) I = 500 GW/cm?, (g) [ = 5 TW/cm?, (h) I = 100 TW /cm?. The vertical
dashed bars mark the energies of the fundamental harmonics and their odd multiples.

calculate macroscopic quantities such as the number of ab-
sorbed photons, the number of excited electrons, and the
photon absorption efficiency per unit volume of each mate-
rial, all evaluated after the pulse is turned off. The temporal
evolution of N,;,(¢) and N,,(¢) is shown in Figs. S3 and S4 of
the Supplemental Material [63].

By inspecting Fig. 3(a), where the number of absorbed
photons are displayed as a function of the laser intensity, we
notice that in both Cs3Sb and Cs,Te, N, increases linearly up
to I = 100 GW /cm? in Cs3Sb and up to I = 200 GW /cm?
in Cs,Te. Beyond these values, Ny, reaches a plateau, sug-
gesting the saturation onset for one-photon absorption, while
multiphoton absorption remains negligible. At/ > 1 TW /cm?
for Cs3Sb and I > 5 TW /cm? for Cs,Te, weak multiphoton
absorption starts to appear, as confirmed by the superlinear
increase of the number of absorbed photons, N,,(I) oc 1 12,
The trends obtained for the two materials are quite similar

although in Cs,Te, N,;, remains systematically higher than in
Cs3Sb.

The number of excited electrons displayed in Fig. 3(b)
exhibits a more complex behavior. A linear increase propor-
tional to the pulse intensity appears up to 100 GW /cm? for
Cs3Sb and 200 GW/cm? Cs,Te, where Npp(I) o< 1. Above
these thresholds, N,, forms a plateau similarly to N, suggest-
ing a saturation of the lowest unoccupied states due to Pauli
blocking [37,46]. For I > 1 TW/cm? and I > 5 TW/cm?,
when multiphoton absorption comes into play, the number
of excited electrons starts to increase linearly again due to
excited-state absorption. Given the limited number of avail-
able electrons to be excited in this regime, N, grows less
steeply than at weaker intensities, where absorption from the
ground state dominates. Eventually, N,, begins to saturate
again at higher intensities, due to the finite number of elec-
trons available in the unit cell. In Fig. 3(b), the number of
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FIG. 3. (a) Number of absorbed photons N, and (b) number
of excited electrons N,, as a function of the laser intensity. Both
quantities are evaluated at r = 36 fs, when the temporal extent of the
pulse has concluded. Color-filled symbols are used for the intensities
adopted to plot the HHG spectra (same color code used) while
gray stars and hollow circles correspond to additional calculations
performed to evaluate the overall trend. The solid colored lines are
guides for the eyes, while the dashed lines indicate linear trends
proportional to the indicated power of the laser intensity 1.

excited electrons remains systematically larger for Cs,Te than
for Cs3Sb, although the discrepancy between the two materi-
als increases at higher intensities. This behavior is consistent
with the fact that N,, is directly related to the occupation
density, see Eq. (9).

We finally inspect the intensity-dependent photon absorp-
tion efficiency given by the ratio between absorbed and
incoming photons [Eq. (13)]. To perform this estimate, we
take the effective area A, entering Eq. (13), as the cross-
sectional area of the unit cell of each crystal normal to the
x-polarized incoming laser. The resulting values are 22 A2
for Cs3Sb and 67.7 A? for Cs,Te. As shown in Fig. 4,
A, exhibits a similar behavior for both materials, starting
with approximately constant (or, for Cs;Te, even slightly in-
creasing) values under weak intensities (/ < 10 GW /cm?),
followed by a monotonic but nonlinear decrease up to
I = 1 TW /cm? associated with the region of saturated absorp-
tion. The absorption efficiency of Cs3Sb is initially higher than
that of Cs,Te impinged by weak laser intensities, but starts
to decrease earlier, leading to a crossover at 50 GW/cmz.
At I =2 TW/cm?, the absorption efficiency of Cs3Sb again
surpasses the one of Cs,Te and remains above it for all higher
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FIG. 4. Photon absorption efficiency A,, as a function of the
laser intensity in Cs,Te (orange) and Cs;Sb (blue). Color-filled sym-
bols are used for the intensities adopted to plot the HHG spectra
(same color code used) while gray stars and hollow circles corre-
spond to additional calculations performed to evaluate the overall
trend.

intensities. Local minima appear at approximately 4 TW /cm?
in Cs3Sb and 7 TW/cm? in Cs,Te. In Cs3Sb, the photon
absorption efficiency is almost flat between I = 1 TW /cm?
and I = 10 TW/cm?. Above this value, it increases again
in both materials, before forming another plateau between
I =100 TW/cm? and I = 1 PW/cm?.

We can correlate this behavior with the trends collected
for the HHG spectra, N,,, and Nj,. In the weak-intensity
range, where the response of the materials is linear (I <
10 GW/cm?), the photon absorption efficiency is maxi-
mized. Its steepest decrease appears for intensities triggering
nonlinearities (10 GW/cm? <1 <1 TW/cm?) but where
one-photon absorption still dominates. At the threshold of
the strong-coupling regime, where multiphoton processes be-
come relevant (I &~ 10 TW /cm?), A, is minimized, due to
the reorganization of the electronic structure. Multiphoton
processes enable a further increase of the photon absorption
efficiency between I = 10 TW/cm? and I = 100 TW/cm?,
where, however, the electronic structure of the material is
irreversibly perturbed by the incoming radiation, as seen in
the HHG spectra [Figs. 2(d) and 2(h)]. This effect is more
pronounced in Cs3Sb than in Cs;Te.

The excitation dynamics discussed above are significantly
influenced by the choice of a Gaussian pulse with a finite
energy width impinging on both systems. Due to this char-
acteristic, the perturbation excites multiple electronic states
or even an entire excitation band, rather than just a single
resonance. At high power, when nonlinear optical processes
dominate, the coupled dynamics of the multiple excited states
involved determines the response of the system. Moreover,
considering the relatively high pulse frequency compared with
the linear absorption onset of both Cs3Sb and Cs,Te, and
the large excitation density of both materials in the energy
range of the laser, decoupling the dynamics of a single reso-
nance would have been a nontrivial task even by applying an
extremely narrow-band pulse.
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FIG. 5. Occupation density N (¢, t) of Cs3Sb computed at the peak of the incident pulse (f = 18 fs, left) and at the end of its propagation
(t = 36 fs, right) with intensities (a), (b) I = 10 GW /cm? and I = 100 GW /cm?; (c), (d) I = 400 GW /cm? and I = 800 GW /cm?; and (e),
()7 =1 TW/cm? and I = 10 TW/cm?. A Gaussian broadening of 38 meV is applied to all curves to enhance visualization.

E. Occupation density

We finally inspect the occupation density at two relevant
times, namely, when the pulse is at its peak value (18 fs) and
when it is turned off (36 fs). Given the similarities between
the two materials, we focus only on Cs3Sb. The goal of this
analysis is to gain insight into how the laser-excited electronic
states redistribute over the unoccupied bands at increasing
intensity of the incoming radiation, representing the regimes
of weak, intermediate, and strong light-matter couplings.

When excited by the weakest pulses considered in this
work, the optical response of Cs3Sb is dominated by inter-
band transitions, leading to a very small increase (~0.01
with 7 = 10 GW/cm? and ~0.1 with I = 100 GW/cm?) in
the population of unoccupied states at approximately 1.5 eV
above the valence-band maximum set to 0 eV. This behav-
ior is consistent with the linear one-photon absorption at

hwy = 2.4 eV. The conduction states are populated already
when the pulse reaches its peak intensity [t = 18 fs, Fig. 5(a)]
and remain partially occupied also after the laser is turned
off [+ = 36 fs, Fig. 5(b)]. However, the postpulse population
of the conduction region increases roughly twice as much as
that at 18 fs, indicating that most excited electrons remain
there due to the absence of decay channels in our RT-TDDFT
simulations. Due to charge conservation, the population of the
conduction states is combined with a corresponding depletion
of the valence-band maximum around —1 eV, see Figs. 5(a)
and 5(b). We emphasize that the regions below and above 0 eV
do not necessarily have equal areas as they represent densities
and not charges. Instead, the absolute difference between the
areas of the TDOS and occupation density below 0 eV should
be equal to the area of the occupation density above 0 eV,
meaning that the depletion of filled states compensates for the
occupation of initially unoccupied states.
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At the intermediate intensities of 400 and 800 GW /cm?,
when both N,, and N,, undergo saturation (Fig. 3), unoc-
cupied states available at 3.9 eV are populated when the
pulse reaches its peak [t = 18 fs, Fig. 5(c)], as a conse-
quence of excited-state absorption. The overall occupation
density in the conduction band becomes broader at I =
800 GW/cm?, mirrored by a stronger depletion of the va-
lence region. After the pulse is turned off at + = 36 fs, the
valence-band population does not change further under either
intensity. Still, there is a slight redistribution of the occu-
pation in the conduction region, see Fig. 5(d). In particular,
the population maximum 1.5 eV, associated with one-photon
absorption, appears stronger for I = 400 GW/cm? than for
I = 800 GW /cm?, whereas at higher energies, the occupation
density is larger when I = 800 GW /cm?. This is consistent
with the higher number of excited electrons but lower energy
uptake at I = 400 GW/cm? (Fig. 3). At I = 800 GW /cm?,
additional population appears at 6.2 eV: this feature is as-
cribed to three-photon absorption. This result confirms the
appearance of multiphoton absorption processes with inten-
sities of 800 GW /cm? or higher.

The occupation density at 1 TW /cm? closely resembles
the one at 800 GW /cm? with peaks at 1.5 eV (one-photon
absorption), 3.9 eV (two-photon absorption), and 6.2 eV
(three-photon absorption) appearing in decreasing intensity,
see Fig. 5(c). Interestingly, also in this case, the population of
states at 6.2 eV appears only after laser illumination [r = 36
fs, Fig. 5(f)], suggesting that the excitation mechanisms at
these intensities are equally dominated by multiphoton ab-
sorption. A considerable change in the laser-driven occupation
of the conduction region occurs at / = 10 TW /cm?. At this
intensity, the excited electron population is almost uniformly
distributed up to 17.5 eV. This effect is more remarkable
during irradiation [Fig. 5(e)] than after the pulse is turned off
[Fig. 5(f)]. The peaks at 1.5, 3.9, and 6.2 eV merge into an
almost featureless continuous distribution that can be asso-
ciated with emerging tunnel ionization. In this strong-field
regime, tunneling through the distorted Coulomb potential
barrier of the nuclei occurs [39,70,71]. It is worth recalling
that tunnel ionization depends on the field strength, not on the
photon energy [72], leading to a broad and continuous energy
distribution of the excited electrons. This effect is also consis-
tent with the loss of space inversion symmetry of the density
distribution already discussed in the context of the HHG
spectra [Fig. 2(d)]. In this strong-field regime, tunnel ioniza-
tion dominates and drives intraband electronic motion, which
takes up arelevant role in the response of the system, and is re-
sponsible, among other effects, for the irregular behavior seen
in the HHG spectra displayed in Fig. 2(d). Finally, a slight
increase in the occupation density around 12.5 eV can be
related to higher-order nonlinear processes and other complex
light-matter interactions occurring in this strong-coupling
regime. The valence-band population decreases accordingly,
halving its value compared with the result obtained under
weak laser intensity [compare Figs. 5(a) and 5(b)].

IV. SUMMARY AND CONCLUSIONS

In summary, we investigated from first principles the time-
dependent response of Cs3Sb and Cs,Te to ultrafast laser

pulses of increasing intensities, ranging from 1 GW /cm? to
1 PW/cm?, in order to explore different regimes of light-
matter couplings. The energy and polarization of the incoming
field were set in resonance with the strongest linear absorption
maxima of the two materials at 2.4 eV for cubic Cs3Sb and
3.6 eV for orthorhombic Cs,Te, exciting this system with an
x-polarized pulse. In this analysis, we monitored HHG, the
number of absorbed photons, and the number of excited elec-
trons per unit cell, as well as the photon absorption efficiency.

Up to I =100 GW/cm?, the response of the ma-
terials remains linear, as testified by the absence of
high-harmonic peaks in the HHG spectra and by linear
increases of both N,, and N, upon increasing laser inten-
sities. For 100 GW/cm? <71 <1 TW/cm? in Cs3Sb and
200 GW/cm? <1 <5 TW/cm? in Cs,Te, higher-harmonic
peaks emerge in the HHG spectra and the scaling of absorbed
photons and excited electrons becomes nonlinear, indicating
one-photon absorption saturation and the onset of nonlinear
effects. For intensities above these ranges, the response of
the materials becomes markedly nonlinear. The HHG spectra
exhibit strong peaks at high harmonics and prominent sig-
natures of symmetry breaking in the electronic distribution.
The number of absorbed photons increases superlinearly with
respect to the intensity, while the number of excited electrons
grows more slowly due to Pauli blocking. Finally, the elec-
tron occupation density in the conduction region of Cs3Sb
becomes significantly broader and extends almost homoge-
neously up to high energies (>10 eV), suggesting the presence
of multiphoton absorption and tunnel ionization effects.

In conclusion, this study provides crucial insights into the
nonlinear optical properties of Cs3Sb and Cs,Te, particularly
the initial electronic excitation and subsequent coherent dy-
namics under strong-field conditions induced by femtosecond
pulses. Our results highlight the complex interplay between
intense laser radiation and electronic structure, improving
our insight into the ultrafast response of Cs-based photocath-
ode materials under intense laser fields. This knowledge is
essential to properly understand the longer timescale phenom-
ena, including critical factors like damage thresholds, carrier
recombination, which are crucial for the operational perfor-
mance and stability of photocathodes.
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