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Ultrafast photoinduced conductivity reduction by bonding orbital
control in an incommensurate crystal
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In this paper, we demonstrate the ultrafast reduction of conductivity in an incommensurate crystal structure
within hundreds of femtoseconds. This phenomenon stands in stark contrast to most prior experimental inves-
tigations where incident light pulses led to increased conductivity. We achieve this by selectively targeting a
specific atomic bond using near-infrared light pulses. Our investigation focuses on misfit layered chalcogenide
(LaS);.196 VS,, known as LaVS3, a semimetal with incommensurability along one crystallographic direction. Our
time-resolved electron dynamics investigation reveals that the conductivity decreases as photoexcited electrons
are promoted into localized energy states within vanadium clusters due to the incommensurate structure. These
findings offer insights into the potential for controlling electronic properties at femtosecond time scales, with
implications for the development of ultrafast electronic devices.
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I. INTRODUCTION

The ability to precisely manipulate the physical proper-
ties of materials on femtosecond time scales holds promise
for revolutionary advancements in ultrafast electronics. This
frontier of research relies on harnessing femtosecond light
pulses to selectively control specific electronic or phononic
excitations within materials, a feat demonstrated in various
studies [1-7]. The choice of light wavelength becomes pivotal,
as it dictates the specific excitation that can be addressed,
be it electronic [8] or phononic [3,9]. The ability to control
the conductivty state of a material on an ultrafast time scale
emerges as a focal point of these investigations [2—4,7,10-15].
Authors of numerous studies have highlighted the potential
to increase conductivity through photoexcitation, effectively
modulating or transiently collapsing the electronic band gap
[16-18]. However, the quest for ultrafast electronics depends
on the ability to switch between conducting and nonconduct-
ing states. While authors of extensive research have explored
the photoinduced increase in conductivity, only a few authors
have explored the converse possibility on short time scales
[19,20]. In this search of inducing a reduction in conductivity
through photoexcitation, incommensurate materials emerge
as particularly promising candidates. Incommensurability in-
troduces a modulation of interatomic distances within the
crystal structure, leading to the formation of localized states
like disorder-induced states in Anderson localization [21,22].
Exciting electrons within these localized states offers a unique
opportunity to lower and potentially inhibit the conductivity of
the crystal.

In this paper, we focus on the investigation of the ultrafast
response of LaVSj3, a misfit layered compound, to near-
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infrared spectral excitation using time-resolved pump-probe
spectroscopy. Our results unveil the photoinduced reduction
of free carrier density, a phenomenon effectively explained
through density functional theory (DFT) calculations, inter-
band rate equations, and the two-temperature model. Under
the influence of specific near-infrared wavelengths, electrons
are excited and subsequently trapped in the localized energy
states of vanadium clusters, resulting in a reduction of electric
conductivity. This experimental evidence establishes the pres-
ence of these localized states within the vanadium clusters and
advances our understanding of ultrafast control over material
properties.

The misfit layered compound (LaS); 196VS,, abbreviated
as LaVSs, has a composite structure which results from a
regular stacking of [LaS] (rock-salt type structure) and [VS;]
(CdI,-type structure) layers along the ¢ direction [23] (for re-
view articles, see also Refs. [24,25]). This material exhibits an
incommensurability (= lattice mismatch) along the in-plane
a axis which has a huge impact on the vanadium distances
observed within the VS, layer. The incommensurate com-
posite nature gives rise to two major features: on one hand,
the electrons are confined within the layers, and therefore,
they reveal a quasibidimensional character; on the other hand,
the V-V distances are modulated along the crystallographic a
direction, giving rise to vanadium clusters. Figure 1 shows the
pattern formed by the vanadium atoms separated by the lowest
distances (<3.25 A), drawn using a commensurate approxi-
mation. One-dimensional zigzag clustering of the vanadium
atoms is clearly visible. This implies the existence of domains
in which the V-V distance gets smaller, forming vanadium
clusters. It has been suggested that such clusters form local-
ized states for electrons, which affects the conductivity of the
compound [26-32]. However, no experimental evidence of the
formation of these localized states has been reported, which
motivated our investigation.

©2023 American Physical Society
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(a)

Crystalline structure

(b) Top view of the VS, layer

FIG. 1. (a) Crystal structure of LaVS;, composed by stacking of LaS and VS, slabs, respectively. (b) Top view of the VS, layer, showing
a periodic change in the interatomic V-V distance. The four closest vanadium neighbors, linked for clarity by a red solid line, form a vanadium

cluster.

II. EXERIMENTAL RESULTS

Figures 2(a)-2(c) show the transient changes of reflectivity
(AR/R) of LaVS; vs the pump-probe time delay at a few
selected fluences, corresponding to pump and probe pulses
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respectively. The behavior is characterized by an abrupt in-
crease of the reflectivity, followed by relaxation until a plateau
is reached. Right after the arrival of the pump pulse, the reflec-
tivity increases up to ~200 fs. Once the maximum is reached,

Reflectivity

0,05

0,2
0,4
0,6

1 Fluences (mJ/cm?)
— 085

15
2

5

0.0

0.5 1.0
Time delay (ps)

w_ &

DARmax (%)
N

o

0.5

1.0 15
Fluence (mJ/cm?)

0.49

°c o ©°
T
o N ®

©
>
i

0.441

200 K
— 250K
— 300K

2.30

2.35

2.40 2.45 2.50
Wavelength (um)

FIG. 2. [(a)—(c)] Transient reflectivity (solid line) and simulated reflectivity (dashed line) of LaSVj crystal at room temperature as a
function of the pump fluence for pump 1.2 um (1 eV) and probe 2.4 um (0.5 eV) wavelength. (d) and (e) AR, and ARy vs pump fluence.
(f) Reflectivity from ellipsometry measurement at equilibrium vs crystal temperature, in the spectral range from 2.3 to 2.5 um.
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we clearly observe that the subsequent decay of the reflec-
tivity depends on the pump fluence. For low pump fluences
(<0.85 mJ/ cm?), the transient reflectivity continues to drop,
acquires a negative sign, and after reaching a minimum
(~500 fs), it finally exhibits slow relaxation dynamics toward
equilibrium. Conversely, this twofold feature in the ultrafast
dynamics disappears by increasing the excitation density. For
instance, for a pump fluence of 2 mJ/cm?, after 200 fs, the
dynamics shows an exponentiallike decay. In both cases, the
relaxation back to the equilibrium state occurs when electrons
evacuate their excess energy to the lattice thanks to electron-
phonon coupling [33]. Therefore, after photoexcitation, the
lattice heats up, and the value of the transient reflectivity
at the plateau should be proportional to the electron-phonon
equilibration temperature.

Figures 2(d) and 2(e) show the maximum value of AR/R
(named ARp,x) and the value of AR/R at the plateau (named
ARp) vs pump fluence. The values of ARy, have been es-
timated using a Gaussian fit, while ARy has been calculated
as the average of the AR/R between 2.5 and 4 ps. While we
observe a linear behavior of AR.x Vs fluence, we notice that
ARy is not a monotonic function of the pump fluence. Indeed,
ARy decreases and reaches a minimum negative value at
~0.4 mJ/cm® and then increases and acquires a positive sign
above ~0.85 mJ/cm?.

Here, AR, is proportional to the number of photoexcited
electrons and represents a transient increase of the conductiv-
ity. As such, it should vary linearly as a function of the pump
fluence, in agreement with Fig. 2(d). On the other hand, ARy,
should be proportional the lattice temperature 77, (neglecting
both thermal and electron diffusion), and therefore, its value
should always increase for all fluences. Instead, as observed in
Fig. 2(e), the behavior of ARy, is nonmonotonic and acquires
a sign change below and above ~0.85 mJ/cm?. This gives ev-
idence of a nontrivial process triggered by ultrafast excitation
of electrons when pumped at photon energy of 1 eV.

We can roughly estimate the final lattice temperature by the
conservation of energy and neglecting diffusion, which for a
pump pulse of 1 mJ/cm* would give an increase of ~26 K (see
Supplemental Material [34] for more details). As the energy
deposited by the pump pulse finally heats the sample, we
should expect that the reflectivity always increases for all flu-
ences, in contrast with what we have experimentally observed.
To estimate the changes of the reflectivity vs temperature
at equilibrium, we performed ellipsometry measurements at
three sample temperatures [shown in Fig. 2(f)]. Here, we
clearly observe that the reflectivity always increases with the
temperature. Therefore, the transient state at lower fluences
corresponds to a nonthermal state. Indeed, by lowering the
fluence, both ARp.x and AR, should go to zero, but they
should never change their signs. The behavior of AR vs
fluence demonstrates that there is competition between two
different mechanisms involved in this dynamics.

III. DISCUSSION

These results are well explained by a reduction of the
electrical conductivity due to the transition of the photoexcited
electrons into the localized states of the vanadium clusters

generated by the incommensurability of the crystal structure.
To better understand the impact of this clustering on the
electronic structure, we have therefore performed DFT calcu-
lations considering the modulation of the structure of LaVS3
at 300 K [see Fig. 3(a)]. These calculations show that the 3d
levels of vanadium are split into £, and e, levels and that
the main contribution around the Fermi level is given by the
tr, orbitals. These calculations also reveal, as the most strik-
ing difference compared with previous work [28] (performed
without modulation), a more pronounced splitting of the #,,
bands in three subbands. As shown in Fig. 3(b), representing
the partial density of states (DOS) of the vanadium atom, the
three subbands result from the split of d,, and d,, orbitals,
while the d,, remains unsplit.

This splitting comes from the clustering of the vanadium
atoms which is now considered in the calculation. In the struc-
ture of LaVSs;, all vanadium atoms indeed interact to form an
incommensurate zigzag bonding pattern [Fig. 1(b)]. Taking
as reference axes the x, y, and z directions pointing toward
the sulfur ligands within the octahedral surrounding of the
vanadium atoms, the direction of the shortest V-V distances
implies that mostly the d,, or d; orbitals could interact to
form o-type bonding. A calculation on a V;,Sj( set of atoms
extracted from the real structure and exhibiting only a single
V-V bond demonstrates that this o-type interaction can lift
the degeneracy of the #,, orbitals by >1 eV (see Supplemen-
tal Material [34]). It means that the incommensurate o -type
bonding pattern lifts the degeneracy of the #,, bands in bond-
ing 0 (d,;; dy;), antibonding 0*(d,;; d..), and nonbonding d.,
levels, as represented in Fig. 3(c). This splitting explains very
well the subbands observed in our calculation for the projected
DOS of a single or all vanadium atoms of the modulated struc-
ture [see Figs. 3(a) and 3(b)]. According to these calculations,
a pump photon of 1 eV only affects the #,, bands. It allows
either a bonding o (dy; dy;) to nonbonding d,, transition, or a
nonbonding d,, to antibonding ¢ *(d,.; d;) transition, repre-
sented by two blue arrows in Fig. 3(c), respectively. We also
point out that the o (dy., d\;) — d,, transition is from bond-
ing to nonbonding states, which will favor a declusterization
thanks to the increase of the shortest V-V distances.

The partially filled d, level corresponds to a conduction
band, and therefore, the transition o (d,;, d;) — dy, will in-
crease the electrical conductivity of the crystal. Instead, the
o* state corresponds to a localized state within the vanadium
clusters, and therefore, the transition d,, — o*(d,;, dy;) will
decrease the electrical conductivity of the crystal. Therefore,
the pump pulse will favor a declusterization [0 (d,., dy;) —
dyy transition] and can remove some DOS at the Fermi level
toward the localized states [dy, — 0*(d,., d,;) transition].
These two excitation processes are in competition, and the fi-
nal sign of the reflectivity change will be given by the balance
between them.

The temporal behavior of the reflectivity can be de-
scribed by considering the dependence on both the occupation
of the d, level, named ny (¢), as well as on the lattice
temperature 77 '

AR(t) = aAng, (1) + BAT,(1). (1

Here, n,, (¢) represents the average electron density per vana-
dium in the d,, band, which is the conduction band. We
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FIG. 3. Theoretical calculation and bond orbitals in LaVS3. (a) Density of states (DOS) calculation of LaVS;, showing that the 3d levels
of vanadium are split into #,, and e, levels and that the main contribution around the Fermi level is given by the #,, orbitals. (b) Partial DOS
of vanadium, showing the formation of three subbands resulting from the split of d,, and d,, orbitals, while d, remains unsplit. (c) Energy
splitting in the LaVS; structure for the vanadium atoms in the cluster and accessible interband transitions with a photon energy of ~1 eV,

shown by the blue arrows.

remark that the dependence of the reflectivity on the electron
temperature can be neglected because LaVS; is a semimetal
with low electron density at equilibrium. Therefore, the
changes in reflectivity are dominated by the modifications of
the carriers density rather than their energy distribution within
the conduction band, in contrast with pure metallic behavior.

The temporal behavior of ny, (f) can be calculated using
rate equations between the occupation levels of the three
bands, namely, 1, (¢), ng, (t), and ng-(t):

d
TR (t) = c21ng,, (1) + c3105+ (1) — S12(2),

d
77 (1) = —caing () + cng () + S12(t) — S23(8),

d
— N+ (1) = —C3he (1) — 3116+ (1) + S3(1), )

dt
where the relaxation rate constants c¢,;, ¢31, and ¢z, concern
the transitions n, <> ng,,, ns < ngx, and ng, < ng+, respec-
tively, and S|, and S,3 are the source terms (with Gaussian
shape) for the excitation processes ny, — ng,, and ng,, — ng+,
respectively.

On the other hand, the changes in both the electron tem-
perature 7, and lattice temperature 7; are calculated by the
two-temperature model [35] (see Supplemental Material [34]
for more details), where the thermal energy rate exchange is
governed by the electron-phonon coupling factor g.

According to this model, the peak of the reflectivity is due
to the increase of the number of electrons excited into the
dy, band. After the electronic peak is reached, the decrease
of the transient reflectivity is due to the emptying of the d,,
band. However, as part of the electrons are excited into the
long-living localized state o*, the final value of the electron
density in the d,, band is below the initial value, which implies
a negative value of AR/R. Figure 4 shows an example of the
transient behavior of the occupation levels of the three bands

for a selected fluence of 2 mJ/cm?. We notice that, while the
excess electrons pumped into the d,, band relax to recombine
with the holes in the o band, the electrons pumped into the *
band are trapped in a very long-living state.

On the other hand, the increase of the lattice temperature
produces a positive change of AR/R [Fig. 2(f)]. Therefore,
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the value of the transient reflectivity at the plateau depends on
the competition between these two processes. At low fluence,
as the thermal contribution to the reflectivity change is small,
ARy, is dominated by the reduction of the electrons in the dy,
band, resulting in negative values. Instead, at higher fluence,
the lattice heating dominates, resulting in a positive value of
ARy This can explain the nonmonotonic behavior and the
change of sign shown in Fig. 2(e).

The results of this fitting procedure are shown in
Figs. 2(a)-2(c) as dashed lines and are found to be in excellent
agreement with the experimental results. Here, we arbitrar-
ily kept the rate coefficients c3; and c3, at constant value
4 %1074 ps’l, whereas the rate coefficient ¢,;, the electron-
phonon coupling factor g, and the coefficients « and S are
left as free parameters. From the fit, we found « = 1.6 = 0.4
and B = (74 1) x 10~* K~!. This value of 8 is in agreement
with the equilibrium reflectivity measurements vs temperature
shown in Fig. 2(f), from which we extract 8 ~ 6 x 107 K~
Fluctuations on the values of the coefficients @ and 8 are
due to the errors in the estimation of the pump fluence. In-
stead, the values of both ¢;; and g are found to increase
with fluence, as shown in Figs. 5 and S5 in the Supplemental
Material [34], respectively. The rate coefficient c;; increases
nearly linearly with the fluence. This dependence can be ex-
plained by remembering that increasing the fluence favors the
declusterization, which restores a more pronounced metallic
character in which the electron-hole recombination is faster,
and therefore, the relaxation rate c¢;; has a higher value. On
the other hand, the increase of the g factor can be explained
by noting that the electron-phonon coupling increases with
the lattice temperature, and therefore, higher fluence leads to
higher electron-phonon energy transfer.

It is important to note that, for lower pump photon energy
of 0.73 eV (corresponding to a wavelength A = 1700 nm), we
did not observe any sign modification of ARy (see Fig. S13
in the Supplemental Material [34]). This is in good agree-
ment with our explanation, as a lower pump photon energy

cannot induce the d,, — o*(dy;, d,;) transition and can only
induce the o (d,;, d,;) — d,, transition, which corresponds to
a higher conductivity state and a positive reflectivity change.

We point out here that the lower reflectivity state at low
fluence has a nonthermal character, as the reflectivity should
increase as a function of the temperature [Fig. 2(f)], and that
such a nonthermal state lasts for >100 ps (see Supplemental
Material [34] for more details). Such a long-living nonthermal
state is very unusual and is related to the relaxation dynamics
of the declusterization.

The dynamics of both clusterization and declusterization,
involving the changes of the V-V bonds, must be further inves-
tigated by time-resolved electron or x-ray diffraction, which
are more sensitive to the interatomic distances. We should
expect the clusterization to be accompanied by a stiffening of
V-V phonon modes, as already observed on other vanadium-
based crystals (V,03) using several time-resolved techniques
[8,36].

IV. CONCLUSIONS

In conclusion, our investigation shows a remarkable
light-induced ultrafast nonthermal transient reduction in con-
ductivity in a LaVSj crystal, driven by the transfer of electrons
into localized states within vanadium clusters that are gen-
erated by the incommensurability of the crystal structure.
These findings provide compelling evidence for the presence
of such localized trapped states within these clusters. The
transient behavior of reflectivity observed in this paper finds
a comprehensive explanation through a synergy of theoretical
tools, including DFT calculations, rate equations, and the two-
temperature model. Our analysis reveals that this transient
reflectivity phenomenon arises from the interplay between
two key mechanisms: the alteration of electron density within
the conduction band, influenced by the population of electrons
in the trapped states of vanadium clusters, and the concurrent
thermal lattice heating. These results shine light on the use of
the localized states within the clusters in incommensurate sys-
tems as a possible way to control the conductivity properties
of solids on ultrafast time scales.
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