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Controlling dielectrics with the electric field of light
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The control of the electric and optical properties of semi-
conductors with microwave fields forms the basis of modern elec-
tronics, information processing and optical communications. The
extension of such control to optical frequencies calls for wideband
materials such as dielectrics, which require strong electric fields to
alter their physical properties'”. Few-cycle laser pulses permit
damage-free exposure of dielectrics to electric fields of several volts
per angstrom® and significant modifications in their electronic
system®*. Fields of such strength and temporal confinement can
turn a dielectric from an insulating state to a conducting state
within the optical period'*. However, to extend electric signal con-
trol and processing to light frequencies depends on the feasibility
of reversing these effects approximately as fast as they can be
induced. Here we study the underlying electron processes with
sub-femtosecond solid-state spectroscopy, which reveals the feasi-
bility of manipulating the electronic structure and electric polari-
zability of a dielectric reversibly with the electric field of light.
We irradiate a dielectric (fused silica) with a waveform-controlled
near-infrared few-cycle light field of several volts per angstrom
and probe changes in extreme-ultraviolet absorptivity and near-
infrared reflectivity on a timescale of approximately a hundred
attoseconds to a few femtoseconds. The field-induced changes fol-
low, in a highly nonlinear fashion, the turn-on and turn-off beha-
viour of the driving field, in agreement with the predictions of
a quantum mechanical model. The ultrafast reversibility of the
effects implies that the physical properties of a dielectric can be
controlled with the electric field of light, offering the potential for
petahertz-bandwidth signal manipulation.

A dielectric subjected to a weak optical field reacts to its change
instantly (adiabatically) as long as the laser frequency wy < Ag, /h,
where A, is the gap between the valence band and conduction band;
for silica Ag,, = 9 eV (numerical values below are given for this mater-
ial). When the strength of the electric field F approaches the criti-
cal field strength, inducing a change in electron potential energy by
Agapover the lattice period a = 5 A then
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(where e is the electron charge), and Zener-type transitions' inject
electrons into the entire conduction band within its spectral width
A.~10eV. This by itself, irrespective of oy, leads to ultrafast dynamics
of the induced broadband polarization on a timescale of 1/ A4.~0.1fs.
Hence, real-time access to strong-field-induced dynamics in dielec-
trics calls for sub-femtosecond temporal resolution. In our work,
this was provided by the envelope of sub-100-attosecond extreme-
ultraviolet (XUV) pulses and the controlled instantaneous field of
few-femtosecond near-infrared (NIR) laser pulses.

In a first set of experiments, the waveform-controlled linearly pola-
rized field, Fy(t), of NIR laser pulses of less than 4 fs (carrier wave-
length A, =780 nm and wave cycle Ty =27/w =2.6 fs), along with
isolated 72-as XUV pulses carried at ficoxyy=105 eV and polarized
parallel to the laser field, impinged collinearly on a free-standing

125-nm SiO, film (see Fig. 1a and Methods). The XUV pulse probed
the processes induced by Fy (f) by promoting electrons from the L-shell
of silicon into the conduction band states. Transient changes in the
conduction band are reflected in the XUV spectra recorded as a func-
tion of delay of the XUV probe with respect to the NIR-field excitation;
see Fig. 1c. We note that the XUV pulse induces polarization over
the entire band 4. /A, which largely dephases within Tgephasing ~7/
A.~100as after passage of the XUV pulse through the sample. The
XUV light radiated from the sample coherently with the XUV probe
field therefore decayed within about 100 as after the XUV pulse. This
permitted—in contrast with previous experiments in atomic gases'*—
us to record attosecond transient absorption spectra that provide
information about the evolving state of the quantum system at the
instant of probing and are not appreciably affected by the ongoing
strong-field excitation afterwards.

We supplemented attosecond probing with simultaneous streaking'®
of the excitation field Fy () (Fig. 1b) in a neon gas jet in front of the SiO,
sample. Figure 1a displays the laser field and the XUV pulse envelope
retrieved from this measurement. Simultaneous implementation of
these two attosecond techniques permitted assignment of the transient
absorption spectra to well-defined moments within the excitation field,
Fi(t), providing absolute timing of the processes under scrutiny.

For a detailed analysis, we evaluate the absorbance A, given by
A(hoxyy) = a(hoxuy)d, where a(hwxyy) is the absorption coefficient
at the photon energy /icxyy, and d is the thickness of the sample. We
first discuss XUV absorption near the edge of the conduction band.
The solid line in Fig. 2b shows the transient change in A induced by the
NIR field plotted in Fig. 2a; its measured peak electric field strength is
Fy=2.5+0.5V A™" It reveals alarge (>>10%) increase of the sample’s
XUV transmittance over sub-femtosecond intervals. The oscillations
in absorbance at a frequency of 2, are accompanied by similar oscil-
lations in the position of the conduction-band edge (Fig. 2¢). The
measurement resolves condensed-matter processes driven by the
instantaneous field of visible light. The changes emerge within a single
half-cycle of the driving field and terminate with similar abruptness
several femtoseconds later; see also the inset of Fig. 2b. The XUV
absorption bleaching extends, with similar temporal behaviour, over
the entire conduction band; see Supplementary Fig. 1.

To analyse the observed field-induced modifications, we adapted—
with exactly the same parameters—the quantum-mechanical model
developed for describing electric currents in dielectrics induced
by strong, few-cycle NIR fields under physical conditions identical
to the experiments of this work'®. Briefly, it is based on the time-
dependent Schrodinger equation in the presence of the measured field
Fi(t), incorporating field screening but neglecting electron collisions
and excitonic effects. For a detailed description, see Supplementary
Information. The model accurately predicts the magnitude and the
sub-femtosecond temporal structure of the observed modulation in
strength (Fig. 2b) and position (Fig. 2c) of the 109-eV absorption
line, as well as the bandwidth and the strength of the XUV absorp-
tion bleaching (Supplementary Fig. 1). Agreement in the phase of these
modulations with respect to the oscillating laser field (Fig. 2b, ¢)

Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strasse 1, D-85748 Garching, Germany. 2Fakultat fir Physik, Ludwig-Maximilians-Universitat, Geschwister-Scholl-Platz 1, D-80539 Miinchen,
Germany. >Physik-Department, Technische Universitat Miinchen, James-Franck-Strasse, D-85748 Garching, Germany. *Department of Physics, Georgia State University, Atlanta, Georgia 30340, USA.

00 MONTH 2012 | VOL 000 | NATURE | 1

©2012 Macmillan Publishers Limited. All rights reserved


www.nature.com/doifinder/10.1038/nature11720

LETTER

TOF electr® ; 130
spectrome /

Metal filter

XUV grating
spectrometer

€ Absorption (normalized)
0

Conduction
band H
%‘ A |
o |
% > 1
o 0+ i
g |t |
; 4 v

“5{4gpt &

[

]
v 1

thUV

= 0 2 Valence band
petay ()
Si2p 7
orbital

-102-

Figure 1 | Simultaneous attosecond absorption and streaking spectroscopy.
a, Schematic illustration of the experimental set-up. TOF, time of flight.

b, Attosecond streaking spectrogram of the 72-attosecond (full-width at half

maximum) isolated XUV pulse and a near-single-cycle NIR pulse used in the
experiments. The spectrogram was recorded by measuring the energy spectrum
of photoelectrons released by the XUV pulse into the NIR field as a function

of NIR-XUV delay. ¢, Attosecond transient absorption spectrogram of a

supports our understanding that it is the instantaneous field that drives
the processes.

In a second set of experiments, we scrutinized the influence of the
strong field on the polarizability in the NIR range by studying the

TN A A
i \/\/VW

o
=
kel
Q2
0
©
@
w 2.75
b £
§ 2.70+
IS
>
20
IS) 2.65 1
2 g 2.70
© T i 2.65
§ ® 2.60 { 260
ko) | X
(%] ]
c ] 2.55
< 2.55 ) 20 -10 0 10 20
= hll v Delay (fs)
- ! L1 (%)
8
a
095 -
c 109.05
X
3
83
2
23
=)
25
Qo
< 108.90

-6 -4 -2 0 2 4 6
Delay (fs)

2 | NATURE | VOL 000 | 00 MONTH 2012

110

Photoelectron energy (eV)

e R A TP I

Delay (fs)

Ne gas ,et XUV

intensity
envelope

125-nm-thick SiO, membrane in the range 105-112 eV as a function of delay
between the sub-100-attosecond XUV pulse and the NIR laser pulse with a
delay step of Atgclay = 100 as (the black line shows the synchrotron-XANES
absorption data® for comparison). d, Schematic energy level diagram of SiO,.
The blue arrow represents the XUV absorption from Si L-states to the SiO,
conduction band. The 9-eV bandgap between valence and conduction band
exceeds the NIR photon energy by a factor of 6, as indicated by the red arrow.

transmitted and reflected NIR light (for details, see Methods and
Supplementary Information). Within our experimental accuracy of
about +1.2% (dictated by the laser pulse-to-pulse stability), the trans-
mittance of our NIR beam did not vary up to the intensity threshold
for breakdown. In contrast, the power of the reflected beam, detected
in a z-scan geometry, increased by nearly an order of magnitude for
field strengths approaching the breakdown threshold as shown in
Fig. 3a. To ensure the highest contrast for the subsequent pump-
probe study (see below), this measurement was implemented with

Figure 2 | Attosecond time-resolved strong-field-induced effects in SiO,.
Solid lines are experimental results; dashed lines are predictions of theoretical
modelling. a, Electric field of the few-cycle NIR laser pulse impinging on the
SiO, sample, Fy(t), as extracted from attosecond streaking (see Fig. 1b).

b, Transient change of the absorbance A(fiwxyy) = a(ficwxyy)d integrated over
a 1-eV bandwidth at iw =109 eV, as a function of the delay (the delay step is
Atgelay = 100 as) between the 72-as XUV probe and the NIR laser pulse (blue
solid line), along with the prediction of our quantum mechanical model (red
dashedline). The inset shows the evolution of A in a more extended delay range,
recorded with larger delay steps (Atgely = 0.5 fs). The error bar in b represents
the standard error of the average over 15 spectral lineouts within the energy
range 108.5-109.5 eV it exhibits little variation over the delay scan. The dashed
violet line is the calculated local density of states (LDOS) at the position of a Si
atom (integrated over the energy range accessed by the XUV pulse, for more
details, see Supplementary Information) versus delay of the XUV probe.

¢, Energy of the absorption peak at 109 eV subject to an optical-field-induced
(dynamic Stark) shift (the blue solid line shows the measurement, the red
dashed line shows the calculation). The error bar in ¢ represents the 95%
confidence interval of the peak position of a least-squares fit of the area of a
Gaussian function to the area under the absorption line; it exhibits little
variation over the delay scan.
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light impinging at Brewster’s angle and polarized in the plane of
incidence (p-polarized). The dependence on the field strength was
extremely nonlinear, closely resembling that of the field-induced
current'. Our model is not yet applicable to an oblique angle of
incidence but did correctly predict the field-strength-dependence of
the current'®. The similarity in the intensity scaling of the optical
current and reflectivity points to their common physical origin: the
field-enhanced polarizability.

Is this effect mainly due to a conduction-band population surviving
the few-cycle field or to reversible effects being not only turned on but
also turned off by the field? Although the XUV bleaching already sug-
gests that the latter is more likely, we sought additional evidence using
time-resolved optical reflectometry. To this end, we split the incident
pulse into a strong pump and a weak probe beam, with the sum of the
two field maxima being slightly below the breakdown threshold, and
measured the reflected probe intensity as a function of the delay At; see
the sketch of the apparatus in Fig. 3a and the result in Fig. 3b.

Comparing the reflected probe signal S at delays At= + Ty, we
found the signal to be significantly greater in the immediate aftermath
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Figure 3 | Wave-cycle-resolved NIR femtosecond probing of strong-field-
induced nonlinear reflectivity of SiO,. a, Reflected power of p-polarized NIR
laser pulses of less than 4 fs incident at Brewster’s angle on the thin-wedged
sample of fused silica as a function of peak electric field (penetrating into the
sample). The process is fully reversible for several thousand laser shots before
irreversible damage occurs owing to self-focusing inside the sample rather than
on the surface. The data points are averaged over 3,000 laser pulses (error bars
represent the standard deviation). Inset, schematic illustration of the pump-
probe transient reflectivity set-up (for description, see Methods). b, Reflected
power on axis of the probe pulse of less than 4 fs (represented by the red beam;
intensity envelope Iqpe) as a function of the delay with respect to the strong
pump pulse of less than 4 fs (illustrated by the violet beam; intensity envelope
Iump)- The curve is the result of an average of ten scans; for representative
individual scans and details, see Supplementary Fig. 2 and the related
description in the Supplementary Information. The reflected probe signal at
delays of At = + T is denoted by S(+ T1). ¢, Electric field of the few-cycle NIR
laser pulse impinging on the SiO, sample, F (1), as extracted from attosecond
streaking (see green solid line in Fig. 1b), and the resulting nonlinear
polarization Pp(t), normalized to & Fy, predicted by our model (purple dashed
line). d, Computed transient evolution of the population of (unperturbed)
conduction band states timed to the laser field. e, Peak transient conduction
band population versus peak applied field strength. The grey shading
represents the experimental value of the optical breakdown threshold, as
determined from the reflectance measurement yielding the data shown in a.

of the strong pulse, S(T1)/S(— T1)=2.140.2 (with no measurable
dependence on the carrier-envelope phase to within the measurement
accuracy limited by intensity fluctuations). However, comparing
signals on opposite fringe peaks at At=+2T;, +3T,..., showed no
appreciable asymmetry—S(n Ty )=S(—nTt), n > 1—within our experi-
mental precision. If a significant fraction of the induced nonlinear
reflectivity (and, consequently, polarization) survived the pulse peak
over several cycles, this would imply S(nT¢) significantly larger than
S(—nTy), owing to a much larger fraction of the probe pulse experi-
encing the increased reflectivity. Our observation thus provides com-
pelling evidence, in a model-independent manner, for the substantial
reversibility of the strong-field-induced increase in polarizability on the
timescale of the optical wave cycle.

Figure 3c contrasts the applied electric field Fy () (solid line) with
the calculated field-induced nonlinear polarization Py(f) normalized
to &y Fy (dashed line). The strongly sharpened half cycles of Py(t) point
to an extremely nonlinear scaling with driving field strength, consist-
ent with the data in Fig. 3a. The nonlinear response is largely confined
to the central laser cycle and disappears completely before the end of
the pulse. This effect is accompanied by a field-induced transient
population and subsequent depopulation of the conduction band,
confined, again, to several femtoseconds (see Fig. 3d). For field
strengths beyond Fy=~2.5V A™', Fig. 3e shows a near-exponential
growth of conduction band population, causing breakdown. In fact,
the maximum field we could safely apply to our samples before break-
down was Fy=2.5V A~ Thus, our model also correctly predicts the
threshold for optical breakdown (Fig. 3e). Both the nonlinear polari-
zation and the conduction band population induced by the strong
field return to near-zero immediately after the laser pulse for
Fy<2.5VA™' This is fully consistent with the abrupt decay of
field-induced transient NIR reflectivity and XUV absorption bleach-
ing: see Figs 3b and 2b, respectively. These results imply that the
sample exposed to fields as high as Fy <2.5 V A™! resumes its original
(field-free) state immediately after exposure. This points towards the
reversible, Hamiltonian nature of the laser-induced dynamics up to the
critical field strength.

Our quantum mechanical model identifies light-field-induced re-
versible changes of the local density of states (Fig. 2b), the conduction-
band population, and the polarizability as the mechanisms responsible
for transient XUV absorption bleaching, NIR reflectivity enhance-
ment, optical breakdown and optical-field-induced currents'. The
model accounts for all these phenomena with a set of parameters
adjusted in ref. 14, which we did not modify in this work. The ability
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to predict such a large aggregate of disparate physical effects properly
without parameter adjustment provides convincing evidence of the
theory’s validity.

Considerations presented in ref. 14 provide a hint towards a possible
intuitive picture to explain the above effects in terms of the well-known
phenomenon of Wannier-Stark localization'”?'. The field-induced
strong transient localization of states is expected to occur in all bands,
allowing XUV-induced transitions predominantly between states
localized at the same site of the lattice. The energy levels of such
colocalized Wannier-Stark states of different bands are shifted identi-
cally by the field, leaving the XUV transition energies (between the
L-band and conduction band) nearly unchanged. Hence, XUV prob-
ing is insensitive to these energy shifts, apart from the small dynamic
shifts observed in Fig. 2¢, but uncovers dynamic changes in the density
of states. The Wannier-Stark ladder formation delivers an intuitive
account for the computed decrease of the local density of states
(Fig. 2b), which appears to be mainly responsible for the decrease of
the XUV absorption. The field-enhanced polarizability of the system
can also be related to the strong Stark shifts in the conduction band
and valence band: they pull interband transition frequencies into
resonance with the visible-NIR spectrum of the driving field"*. The
resultant enhancement in polarizability appears to be the common
origin of the optical-field-induced reflectivity observed here and the
currents observed in ref. 14. In spite of the consistency of this argu-
ment, the intuitive Wannier—Stark picture remains hypothetical until
directly verified by experiment, for example, by probing valence band-
conduction band transitions with sub-femtosecond resolution.

In conclusion, the synergistic use of attosecond streaking and
absorption spectroscopy and wave-cycle-resolved optical reflectivity
measurements provide real-time insight into strong-field phenomena
in dielectrics on sub-femtosecond to few-femtosecond timescales.
The experiments reveal, in agreement with quantum-mechanical
modelling, that field-induced changes of all the physical quantities
studied are reversible up to the critical field strength, that is, they
can be turned on and off on the timescale of the optical period.
Controlling the properties of dielectrics with the instantaneous electric
field of light points the way towards petahertz signal sampling and
processing technologies.

METHODS SUMMARY

XUV transmittivity. Time-resolved XUV absorption spectroscopy was per-
formed with broadband, isolated attosecond XUV pulses generated via high har-
monic generation of visible-infrared laser pulses of less than 4 fs (FemtoPower
Compact Pro, Femtolasers) in neon. The collinear laser and XUV beam were
separated into two arms of a Mach-Zehnder-type interferometer. The relative
timing between the two arms could be adjusted with a mirror moved by a piezo
translator, and a variable aperture controls the infrared intensity on target. For
details, see the Supplementary Information and ref. 22. The XUV and NIR beams
were focused with a toroidal mirror on free-standing chemical-vapour-deposited
SiO, samples (either 125nm or 250 nm thick). The XUV beam transmitted
through the sample was spectrally dispersed by a flat-field grating and projected
onaXUV-sensitized camera®. Our measurements were performed near (to within
<10%) optical breakdown. NIR-field-induced breakdown manifested itself as
macroscopic mechanical damage of the sample, which became immediately visible
in the magnified image of the focal region, which was permanently monitored.
NIR transmittivity and reflectivity. Field-induced changes in NIR transmittivity
through 125-nm films and the reflectivity of thin (~0.2 mm) wedged plates were
studied with laser pulses of less than 4 fs gently focused and the intensity on the
sample was varied by translating it longitudinally along the optical axis (z-scan).
The pump-probe measurement is sketched schematically in Fig. 3a. The incident
NIR beam was split into two collinear beams by a two-component plane mirror
consisting of a 5-mm-diameter inner section and a concentric external section.
The inner and outer sections reflected the weak probe and the strong pump beam
with a reflectivity of 10% and 97.5%, respectively. The energy of the pump pulse
was controlled by an aperture. The probe pulse was delayed by translating the
inner section with a piezo stage and focused along with the pump pulse onto the
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sample. The probe beam was isolated with an iris in front of the detector mea-
suring the reflected probe pulse energy as a function of pump-probe delay. A more
detailed description of the Methods is given in the Supplementary Information.
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