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Asymmetric single-cycle control of valence electron
motion in polar chemical bonds
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A dielectric material’s response to light is microscopically defined by field-cycle-driven motion of electron densities in
the restoring forces of the atomic environment. Here we apply single-cycle mid-infrared pulses to drive the nonlinear
motion of valence electrons in a heteronuclear crystal with asymmetric structure and report how the macroscopic optical
response can be tracked back to the real-space electron dynamics in the symmetry-breaking potential along the chemical
bonds. Whether our single-cycle field drives electrons from the less electronegative to the more electronegative element
or vice versa controls the appearance of a smooth nonlinear output spectrum or one with even and odd harmonic orders.
Crystal angle scans reveal the absolute orientation of the asymmetric bonds. Directional motion of valence charges con-
trolled by a single cycle of light can therefore be used for spectroscopically exploring the binding potential, to understand

and design novel materials for nonlinear optics, or to eventually process information at the frequency of light.
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1. INTRODUCTION

When a light wave interacts with a transparent material, such as
gas-phase atoms, molecules, liquid, or a dielectric solid, electron
densities are driven by the electric field of the optical cycles and
move in the restoring forces of the atomic environment. Based
on the complexity of this interaction in the nonlinear and strong-
field regimes [1-9], researchers are exploring the possibility of
electronics and information processing at the frequency of light
[10-18] via controlling electronic motion on level of the optical
field cycles [19-21]. Materials for cycle-based nonlinear optics and
information processing should have low absorption losses, a com-
plex potential energy landscape, and a direct nonlinear response
to single-cycle excitation. Researchers also aim at reconstructing
the band structure and the potential of a crystalline material by
all-optical nonlinear spectroscopy [22-24]. For both objectives,
and for comprehending the foundations of nonlinear optics, we
need to understand the nonlinear response of a complex material
to an impulsive single-cycle excitation and determine the relevant
connections to the atomic structure.

Sub-cycle and single-cycle pulses have been reported to trig-
ger broadband high-frequency light emission from symmetric
or isotropic media such as rare gas atoms [25], nanocrystalline
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dielectrics [10,18], or semiconductors [26,27] in form of iso-
lated short-wavelength light pulses, forming the foundation of
attosecond science [28]. In parallel, directional nonlinear optics
in asymmetric materials were reported [29-32], for example, by
Frumker and Corkum et 4l [33,34] and Woérner et 4l [35] in
oriented molecules, and by Huber ez 4/. in a GaSe crystal on basis
of few-cycle excitation and time-domain characterization [16,17].
The connecting question, whether a single cycle of light can launch
an isolated, unidirectional electronic motion in a material with a
network of asymmetric, oriented chemical bonds and how such
dynamics can be tracked by spectroscopy, is the focus of this report.

We excite a two-dimensional (2D) layered crystal of ¢-GaSe
and its heterogeneous chemical bonds with octave-spanning near-
single-cycle pulses of mid-infrared light and relate the resulting
quasi-ballistic, coherent electronic motion to the direction and
polarity of the bonds. The excitation with only one relevant optical
cycle produces approximately the optical impulse response in time
as functions of electric field directions and bond orientations. The
experiment, therefore, explores the physics of isolated single-cycle
excitation [10,26,27] in a material with symmetry-breaking non-
linear response [16,17], thus connecting crystallography on the
level of the chemical bonds with optics on the level of a single cycle
of light. In contrast to previous experiments with longer pulses
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Fig.1. Conceptand experiment. (a), (b) An asymmetric chemical bond (solid line) in a crystal is excited by a single-cycle laser pulse (red). Depending on
the direction of the most intense electric field cycle (E ), electron density (blue) is coherently driven along or opposite to the polarity of the bond (atoms
A and B). The field-driven electrons emit new light with a waveform determined by the atoms’ electronegativity. (c) Crystal structure of one monolayer of
e-GaSe crystal in the 2—& plane. (d) Experiment. Near-single-cycle mid-infrared laser pulse (red) is focused into a £-GaSe crystal (blue), and the output
spectrum is analyzed as a function of crystal angle and peak field direction. () Electric field of the driving pulse in the experiment.

[16,17], the shape of the nonlinear output spectrum is directly
related to the absolute orientation of the chemical bonds, and no
measurements in time domain are required to understand the
basics of the nonlinear response of valence electrons in real space.

2. RESULTS AND DISCUSSION
A. Experimental Results

The experiment is depicted in Fig. 1(d). A near-single-cycle optical
pulse [1.6 cycle FWHM,; see Fig. 1(e)] with a central frequency
of 43 THz (7 pum wavelength) is obtained via optical parametric
amplification [36] and focused into a 21-pm-thick single crystal
of gallium selenide (¢-GaSe). The optical spectrum does not excite
any infrared active phonon modes [37], and the photon energy
of ~0.18 ¢V is far below the bandgap of 2.0 eV [38]. The peak
field strength inside the crystal is 1.4 V/nm, and the electric field is
parallel to the Ga—Se bonds in the 2—& plane [Fig. 1(c)]; see also
Supplement 1. The nonlinear optical interaction inside the crystal
generates higher-frequency radiation that is mostly polarized par-
allel to the driving field [15,39]. The output photons are collected
with a silver-coated spherical mirror (50 mm focal length) and
guided via an InF3 multimode fiber (Le Verre Fluoré) into three
types of spectrometers, namely a Fourier transform spectrometer
(L-FTS, LASNIX) for the mid-infrared range, a grating-based
spectrometer with a InGaAs detector for the near-infrared range
(Rock NIR RSM-445, Ibsen Photonics), and a spectrograph with
a silicon detector for visible light (USB-2000+, Ocean Optics).
These spectrometers have calibrated sensitivities and overlapping
spectral ranges that allow us to determine a concatenated result
[15].

Figure 2(a) shows the observed output spectra from the GaSe
crystal as a function of the excitation pulse’s carrier-envelope phase
(CED, ¢cg). We see a broadband nonlinear light emission that
ranges from the fundamental frequency (43 THz, A =7.0 pm)
to a more than 17-fold higher frequency of more than 750 THz
(A = 0.4 pm); the optical fiber absorbs the light beyond that range.
Depending on the CED, the spectrum consists of a pronounced
sequence of harmonic orders (pcg = = 180°) or alternatively
covers smoothly the whole range without interferences [10,26,27].
A common peak around 480 THz is incoherent photolumi-
nescence (PL) at the bandgap of ~2 eV from residual nonlinear
absorption. In Figs. 2(b) and 2(c), we show the spectral details
at two special CEP values, ¢cg =0 and ¢cgp =7 = 180°, the
white lines in Fig. 2(a). At these values, the temporal excitation
waveforms are identical and have a single optical cycle that is most
intense, but the absolute direction of the electric field is flipped.

We call pcg = 0 a cosine excitation and ¢cg = 7 a minus-cosine
excitation. At ¢cg = 0, the spectrum is smooth, while at pcg = 7
the spectrum shows a set of distinct harmonic peaks at a visibility
of more than 100. There are even-order and odd-order harmonics
with a spacing given by one photon energy of the driving frequency
(43 THz, 0.18 V). Usually, a harmonic spectrum [15-17] or
a smooth spectrum [10,26,27] is observed with multi-cycle or
single-cycle excitation, respectively. The measured switch by sim-
ply flipping the electric field direction of a single-cycle excitation
therefore indicates a potentially novel regime of interaction.

B. Real-Space Explanation

In order to understand the field-driven electronic motion
behind our observations, we refer to earlier works on ¢-GaSe
by Hohenleutner ez al. [16] and Langer ez al. [17] and recall the
crystal structure of £-GaSe as shown in Fig. 1(c); see also Fig. S2
in Supplement 1. The crystal is composed of quasi-2D monolay-
ers that are bonded to each other with van der Waals forces. Our
driving electric field oscillates in the 2—& plane [see Fig. 1(c)] and
inter-layer electron dynamics along the ¢ axis can, therefore, be
neglected [17]. An electric pump field vector in the 2—4 plane
will predominantly project only onto one of the three available
Ga—Se bonds [see Figs. 1(c) and S2] while the other two bonds at
60 deg bond angles in the 2 —4 plane will see an effectively much
weaker projection of the electric field; see Supplement 1 for details.
The absolute orientation of all Ga-Se bonds is, hence, unique in
£-GaSe throughout all of the unit cell, and there are no opposite
Se—Ga bonds excited. We, therefore, concentrate our analysis on
the real-space dynamics of a single polar chemical bond under
single-cycle excitation, aiming at an explanation of the phenome-
non rather than a quantitative reproduction of the measurement
results.

We first apply the simplest possible textbook classical model
[1] to our single-cycle excitation. The coupled dynamics of all the
electrons and holes driven along the Ga—Se bond direction in the
restoring forces of an asymmetric atomic potential is described
by a single generalized coordinate of a classical point charge of
—e (elementary charge) and mass of 7, (electron rest mass) that
moves one-dimensionally on an effective potential U(x), where
the generalized coordinate % represents the displacement from
the equilibrium position; see Fig. 3(a). The effective potential
is described by a series of polynomials [1], U(x) =Y o, ¢,%",
where ¢, gives the linear optical response (as in the Lorentz oscil-
lator model [1]) and ¢,, (n > 2) describes the nonlinearity in the
motion of the charge; the odd-order terms determine the asym-
metry of the potential. We determine ¢, from the direct bandgap
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Fig.2. Experimental results. (a) Observed output spectra as a function
of the carrier-envelope phase (CEP) and polarity of the driving field.
(b) Experimental output spectrum with cosine excitation (peak field
from Ga to Se). (c) Experimental output spectrum with minus-cosine
excitation (peak field from Se to Ga).

and c3—cg from the harmonic intensities in Fig. 2(c); higher orders
are neglected. The measured electric field of the single-cycle pulses
[see Fig. 1(e)] drives an almost impulsive excitation of real-space
motion of the charge. Fourier transformation of the acceleration
gives the output spectrum; see Supplement 1 for more details.
Figure 3(c) shows the results for ¢cg =0 and ¢cg = 7. Both
simulated spectra reproduce nearly all the observed features in the
experiment and in particular the appearance and disappearance
of the modulation into harmonic orders when changing from a
cosine to a minus-cosine excitation field. In order to elucidate the
underlying physics, we plot in Fig. 3(b) the nonlinear polarization
in the time domain. For a cosine-shaped excitation waveform with
a peak toward the steeper potential gradient [left panel in Fig. 3(a)],
the nonlinear polarization is predominantly induced only once,
at the driving laser’s highest field peak. Such an isolated burst of
nonlinear polarization corresponds in the spectrum to a broad-
band, featureless emission like that observed in the experiment of
Fig. 2(b). In contrast, a minus-cosine driving pulse [right panel in
Fig. 3(a)] with peak field toward the shallower side of the potential
produces substantially weaker (~40%) nonlinear polarization
at the peak time but instead two emission bursts at the times of
the two second-most intense field cycles in opposite direction.
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Fig. 3. Real-space explanation. (a) Concept of classical 1D anhar-
monic oscillator model. The field-driven electronic motion is represented
by a classical charged particle (blue) driven by a laser field (red) in an
asymmetric potential. (b) Time-dependent nonlinear polarization (black)
produced by the laser waveforms (red) as predicted by the classical model.
(c) Simulated output spectra from the classical simulation for cosine
excitation (solid blue curve) and minus-cosine excitation (dashed blue
line). (d) Model potential for the non-perturbative 1D quantum simu-
lation (black) and electron density of the occupied valence bands (blue).
(e) Nonlinear polarization from the quantum simulation. Fast oscillations
at large times are due to residual nonlinear absorption. (f) Simulated
output spectra from the quantum-mechanical model for the cosine driv-
ing pulse (solid blue curve) and minus-cosine pulse (dashed blue line).
The dip positions (arrows) are not exactly between the harmonic orders
because the energy of maximum destructive interference is shifted by the
unequal intensities of neighboring harmonics.

These insights are consistent with pioneering experiments and the-
ory on &-GaSe under multi-cycle excitation, where the spectrum
is always modulated at harmonic orders and only the timing of the
emission bursts changes with ¢cg as a consequence of interferences
between odd and even harmonics [16,17].

The above classical model well reproduces the observed spectra
(see also Fig. S5 in Supplement 1) but lacks the directionality of the
asymmetric bonds and various potential influences of quantum-
mechanical effects (see below). In an almost equally simple, but
quantum-mechanical model, we consider real-space electron
dynamics in a one-dimensional (1D) model crystal whose unit cell
is composed of two different atoms A and B [see Figs. 1(a) and 1(b)]
in periodic arrangement. This choice is motivated by drawing a
straight line through GaSe along one of the bonds [see Fig. 1(c)].
We refrain from quantitatively reproducing the observed spectra
with more elaborate theories—for example, semiconductor Bloch
equations [40,41] or time-dependent density functional theory
[41-43]—Dbut rather attempt to grasp an essential and instructive
real-space picture of impulsively driven electronic motion under
consideration of quantum effects such as Bragg reflection and
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kinetic energy shift due to the intraband motion. Atom A has
lower electron affinity and corresponds to Ga while atom B has a
larger electron affinity and corresponds to Se. We choose a unit cell
size of # =12.2au= 6.5 A and atom positions at x4 = /3 and
xp =2a/3, compared with Fig. 1(c). The black line in Fig. 3(d)
shows the real-space potential for this asymmetric system; the
depths of the two atomic potentials are chosen to reproduce the
direct bandgap of e-GaSe of 2.0 ¢V [38]. The corresponding
band structure is shown in Fig. S6(a) in Supplement 1. Before
the interaction with the laser, we populate the three lowest bands
(VB1 to VB3) with six electrons per unit cell, in order to mimic the
electronic structure of three-dimensional &-GaSe [44] where the
valence electrons are predominantly localized around the nuclei
and the electrons of VB1 are mostly on Se [45]. The corresponding
ground-state electron densities are depicted in Fig. 3(d) in blue
(see also Fig. S6(b) in Supplement 1). The temporal evolution of
the electronic system in the near-single-cycle laser waveform is
obtained by solving the time-dependent Schrédinger equation
[46]; see Supplement 1 for details. We confirm that the results
of the simulations are robust against substantial variations of the
parameters, as long as the system breaks the inversion symmetry
and the electrons of VB1 are populated mostly around atom B. The
results are also robust against the relaxation and dephasing effects;
see Supplement 1.

Figure 3(f) shows results for ¢cg =0 and m. The spectrum
for the cosine-shaped single-cycle driving pulse with peak field
toward atom B (Se) is smooth (solid line) while the spectrum for
the minus-cosine single-cycle pulse with peak field toward atom
A (Ga) has harmonic orders with dips in between (dashed line).
The time-dependent nonlinear polarizations [see Fig. 3(e)] again
show one or two main bursts, similar to the phenomenological
picture above [compared with Fig. 3(b)]. However, the quantum-
mechanical model now links the sign of the optical asymmetry
to the position and type of the atoms, providing an atomistic
explanation. Generally, the optical response of condensed mat-
ter to long-wavelength radiation is predominantly determined
by electrons in the highest occupied valence band, here VBI.
As shown in Fig. 3(d), the electrons in VB1 are located around
atom B, where the potential is asymmetric and less steep toward
the direction of the neighboring atom A. We conclude that the
direction, orientation, and different electron affinity of the atoms
that form a material’s chemical bonds are responsible for the sign,
magnitude, and shape of the nonlinear optical response to impul-
sive single-cycle excitation. The atomistic origin of single-cycle
nonlinear optics in complex materials is the quantum-mechanical
motion of the valence electrons in the potential made up for them
by the atomic environment and bonding structure. In e-GaSe, the
time-dependent nonlinear motion of valence electrons around Se
is more nonlinear when they are driven toward the shallower side of
the potential, toward Ga, and weaker toward the steeper side, away
from Ga.

C. Further Experimental Evidence

In order to further verify our conclusions, we report three more
experimental investigations. First, we measure spectra at fixed CEP
values but for different peak field amplitudes of the driving field.
If the field-driven electronic motion along the chemical bonds
is dictated by the potential and waveform, the spectral shape of
nonlinear output and in particular the absence or appearance of
photon-order interferences should not strongly depend on the
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Fig. 4. Dependence on excitation field strength. (a) Output spectrum

for cosine excitation as a function of electric peak field strength. (b) Field-
strength-dependent output spectrum for minus-cosine excitation. The
spectral shape remains the same although the spectral intensities change
by more than 3 orders of magnitude.

absolute electric field strength (see also Fig. S5 in Supplement 1).
Figures 4(a) and 4(b) show the measured output spectra as a func-
tion of excitation intensity for ¢cg = 0 and ¢cg = 7, respectively.
For weaker pump pulses, the harmonic intensities are reduced by
up to 3 orders of magnitude, but the general spectral shape with or
without harmonic orders remains the same.

Second, we report nonlinear emission spectra as a function of
crystal angle with respect to laser polarization [0 in Fig. 5(a)]. In the
experiment, the crystal is rotated around the ¢ axis. £-GaSe has a
threefold symmetry around the ¢ axis (space group D3 5). It repeats
itself every 120°, but opposite Ga—Se bonds occur every 60° [see
Fig. 5(a)]. Aiming for reproduction of earlier results [17,39],
Fig. 5(d) shows output spectra created with an excitation waveform
that is chirped to a duration of 3.8 optical cycles. The harmonic-
order interference appears every 60°, although a rotation of 120°
is required to reproduce the original atomic structure. A 3.8 cycle
excitation field has too many optical cycles and, therefore, averages
out in the spectrum the underlying asymmetric response and
directivity of the heteronuclear bonds. In other words, Ga-Se and
Se—Ga produce the same spectral results, and time-domain metrol-
ogy is needed to see the differences [17]. In contrast, Figs. 5(b)
and 5(c) show the output spectrum as a function of angle for the
case of single-cycle excitation fields, again for ¢pcg = 0 and 7.
The 60° periodicity disappears, and instead a 120° periodicity
shows up, corresponding to the angle between the three Ga—Se
bonds when taking into account the bond direction. Furthermore,
when comparing the cosine and minus-cosine results of Figs. 5(b)
and 5(c), we see that the whole pattern shifts by 60°. This value
reflects the difference of 180° between a cosine and a minus-
cosine pulse minus the 120° of the Ga-Se bonds. To our best
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averaging of the fundamental asymmetric response by the multiple optical cycles.

knowledge, atomic arrangement in a crystal including bond orien-
tation is observed for the first time by purely spectroscopic means
[29-32,47]. This is enabled by the impulsive excitation, which
drives unidirectional electronic motion on atomic dimensions.

As a third investigation, we repeated all the above measure-
ments with a 55-pum-thick £-GaSe crystal, twice thicker than the
crystal used above. We obtained qualitatively identical results; see
Supplement 1 and Fig. S4, demonstrating that all observed phe-
nomena indeed originate from atomic-scale electron dynamics and
not from any macroscopic optical pulse propagation or dispersion

effects [48—50].

3. CONCLUSION

In combination with the results of Fig. 2, these observations estab-
lish and verify an atomistic picture of nonlinear optics on the basis
of the chemical bonds and suggest the possibility of exploring the
potential energy landscape of asymmetric materials by launching
and tracking directional electronic motion via single-cycle mid-
infrared excitation. The spectral shape of the nonlinear optical
emission is dictated by the field-driven valence electronic dynamics
on atomic dimensions and for heteronuclear materials by the ori-
entation, angles, and polarity of the chemical bonds. The absolute
direction of the electric field from Ga to Se is relevant for either the
production of a broadband, featureless spectrum or a spectrum in
form of even and odd harmonics. Our ability to track with highly
simplified approximations the characteristics of the emission
spectrum back to the real-space physics of single chemical bonds
indicates the general applicability of our results for the nonlinear
optics of any material without inversion symmetry—for example,
oriented molecules in the gas phase [33-35] or materials with
multiple types of chemical bonds. Experimentally, single-cycle
mid-infrared pulses are useful to launch and control isolated elec-
tronic motion in complex networks of chemical bonds in crystals
at energies below the bandgap, in order to investigate the atomic
structure and binding potentials on picometer dimensions [24],
to develop novel materials for nonlinear optics, or to eventually
control electronics at the frequency of light [51].
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