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Optical-field-induced current in dielectrics
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The time it takes to switch on and off electric current determines
the rate at which signals can be processed and sampled in modern
information technology'™. Field-effect transistors'>>° are able
to control currents at frequencies of the order of or higher than
100 gigahertz, but electric interconnects may hamper progress
towards reaching the terahertz (10" hertz) range. All-optical injec-
tion of currents through interfering photoexcitation pathways’'°
or photoconductive switching of terahertz transients''~'¢ has made
it possible to control electric current on a subpicosecond time-
scale in semiconductors. Insulators have been deemed unsuitable
for both methods, because of the need for either ultraviolet light
or strong fields, which induce slow damage or ultrafast break-
down'”"?°, respectively. Here we report the feasibility of electric
signal manipulation in a dielectric. A few-cycle optical waveform
reversibly increases—free from breakdown—the a.c. conductivity
of amorphous silicon dioxide (fused silica) by more than 18 orders
of magnitude within 1 femtosecond, allowing electric currents to
be driven, directed and switched by the instantaneous light field.
Our work opens the way to extending electronic signal processing
and high-speed metrology into the petahertz (10'* hertz) domain.

Three basic types of solid—metals, semiconductors and dielec-
trics—fundamentally differ in their reaction to an applied electric field.
Metals respond to a small field with a current linearly proportional to
it. This implies a strong screening that prevents high fields and charge
density gradients from forming inside metals, which makes it fun-
damentally difficult to control their responses. By contrast, semicon-
ductors, in which there is a relatively small but non-zero energy gap,
Ay, between the valence and conduction bands, allow electric fields to
penetrate and charge gradients to build up. This forms the basis of
contemporary digital electronics'>*'. Dielectrics, with their large
bandgap and conduction and valence band widths, offer the fastest
response. However, because of their reaction to applied fields (that is,
extremely low conductivity at low fields and breakdown at high
fields'”>°), they have been thought to be unsuitable for electronic
signal processing in field-effect devices. Here we demonstrate that a
strong, few-cycle optical field is capable of transforming the dielectric
into a state of highly increased polarizability, allowing optical currents
to flow and resulting in macroscopic charge separation that is detect-
able in an external circuit.

In our experiments, we exposed a fused silica” sample (4;~9 eV and
conduction band width 4.~10 eV) to a strong, waveform-controlled,
few-cycle field Fi(t) with a photon energy of Aw;=1.7 eV (where /i
denotes Planck’s constant divided by 2m and ¢y, is the carrier angular
frequency of the optical field), which transforms the dielectric into an
optically conducting state, that is, injects carriers. We therefore refer to
this field as the injection field. By carriers, we mean electrons in highly
polarizable states at optical frequencies (rather than ones capable of con-
ducting d.c. current, requiring delocalized electrons). Two unbiased gold
electrodes collect the charge separated by the optical-field-induced current
(Fig. 1a, Methods Summary and Supplementary Information). First, the

applied external field Fi(t) = Fyf (t) cos (Lt + @), with a controlled
carrier-envelope phase (CEP) ¢@c;, a sub-4-fs envelope f(f) with
£(0)=1,and Fy=1.7 V A™", was polarized perpendicularly to the metal-
dielectric interface, along coordinate x, to drive the generated carriers
towards the electrodes (Fig. 1a). Fig. 2 plots Qp, the charge transferred
through the ammeter shown in Fig. 1 during exposure to a single laser
pulse, as a function of the change in ¢ (Fig. 2a) and as a function of F,
(Fig. 2b). The CEP of the laser pulse is shifted by Ag; on changing the
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Figure 1 | Optical-field-induced conductivity and current control in a
dielectric. a, Schematic of the metal-dielectric nanojunction. b, Schematic
illustration of the adiabatic energy levels of the electronic states in the valence
band (VB, purple) and conduction band (CB, green) of the dielectric under the
influence of a static or slowly varying strong electric field. The eigenenergies fan
out as the strength of the electric field increases, resulting in avoided crossings,
that is, anticrossings (inset). At low fields, the valence band states are occupied,
and the conduction band states are empty. As the field strength increases, the
valence band and conduction band levels cross, but the respective Wannier—
Stark states are localized at distant sites, and the anticrossings are passed
diabatically (that is, the conduction band states remain unpopulated) until the
field approaches or exceeds ~1V A", At these field strengths, electrons may
be promoted into the conduction band via Zener tunnelling, leaving the
electron in the lower-energy state after the passage of the anticrossing (adiabatic
transition, depicted by dashed arrow). The resultant unoccupied valence band
states mediate strong single-photon resonances at visible/near-infrared angular
frequencies wyr/vis Within the valence band (red arrow). The emergence of
these resonances results in a strong transient polarizability.
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Figure 2 | Carrier-envelope-phase control and intensity dependence of
optical-field-generated electric current in SiO,. a, Plot of the ¢ -dependent
component of Qp(Al) against the change, A, in the propagation length through
a fused silica wedge with respect to the propagation length yielding the
minimum pulse duration (Al=0), for polarizations perpendicular (along x;
squares) and parallel (in the y-z plane; circles) to the metal-dielectric interface
(Fo=1.7V A™"). The data represent an average of several consecutively
acquired values at a given value of Al. Error bars show the standard deviation,
and most are smaller than the size of the symbols representing the mean values
of the data. The black dashed line shows the prediction of our quantum
mechanical model. For the parallel polarization, the signal is suppressed by
more than an order of magnitude. The residual signal is attributed to
microscopic imperfections of the macroscopically plane metal-dielectric
interface, which result in locations with a non-zero perpendicular component
of the field. The red dashed line (right axis) depicts the change in pulse duration
7p (full width at half maximum intensity) as a function of Al, taking into
account the group velocity dispersion of the visible/near-infrared pulse in the
fused silica wedge. b, Plot of the maximum amplitude, |Qp(Al=0)], of the
transferred charge against the peak amplitude, Fy, of the applied external field
polarized along x: measurement (squares) and theoretical prediction (dashed
line). For a given F value, |Qp(Al=0)| is determined by fitting the most
pronounced oscillation of Qp(Al) (a, squares) with a sine function. The vertical
error bars account for the standard deviation of such fit. Different values of F,
correspond to different beam sizes. Data points have been normalized
accordingly. Fy is determined by monitoring the pulse energy and the laser
beam waist at the focus, and the horizontal error bars quantify random
fluctuations in these parameters. I is the corresponding peak intensity of the
optical pulse. Data from our model have been multiplied by the effective cross-
section, A, of the metal-dielectric interfaces confining the active volume of
the dielectric (main text).

propagation length by Al in a pair of thin, fused silica wedges* (Methods
Summary and Supplementary Fig. 1).

We find that Qp varies quasi-periodically with Al Its minimum at
Al=0 turns into a maximum at Al= + Algepp, with Algepn =23 pm
shifting® the CEP by Ag, = m, which results in an approximate inver-
sion of the optical waveform: Fi(t,Algcpn )=~ — Fi(t,0). This reversal of
Qp and its order-of-magnitude reduction when F;(t) is polarized par-
allel to the metal-dielectric interface (that is, in the y-z plane) provide
the first significant indication that this current is induced directly by
the instantaneous light field. The maximum value of Qp scales nearly
exponentially with the field amplitude and reaches ~10* electrons
before breakdown (Fig. 2b). This nonlinear dependence is responsible
for the decay of Qp(Al) with increasing Al, as a consequence of dis-
persive pulse broadening.

To decouple the injection and driving processes, we irradiated the
hybrid junction with two synchronized, orthogonally polarlzed fields.
An injection field with a peak amplitude of F{’=2V A~! was pola-
rized parallel to the electrode-insulator 1nterface (that is, in the y-z
plane) to prevent it from driving current through the circuit. This dri-
ving was accomplished by a weaker Vers10n of the same field, the drive
field F4(t), which had an amplitude of F )~02VA~ ' (Fig. 1a). The
delay, At, between the peaks of F;(f) and Fd(t) determines the timing of
carrier injection with respect to the drive field and thereby controls
the momentum that F4(t) transfers to the charge carriers. Fig. 3a shows
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Qp versus At for the CEPs of the injection (gﬂ(l) ) and drive ((p @ ) pulses
corresponding to one of the zero-crossings of Qp near Al=0 in Fig. 2a.
Such values of quL and goCE) are chosen to avoid a residual (background)
current originating in any of the fields independently (Fig. 2a).

The transferred charge periodically changes its sign as a function of
At, revealing two major current reversal cycles equal to the field oscil-
lation cycle of F4(t) (Fig. 3a). The magnitude of the signal rapidly
decays outside this few-femtosecond delay interval. Fig. 3b plots the
result of the same measurement performed with an ‘inverted” drive
ﬁeld in which the field oscillations are reversed by shifting the CEP by
AgaCE = For any value of At, the transferred charge is reversed with
respect to its value at the same delay in Fig. 3a. This is exactly the
behaviour we intuitively expect for a current driven directly by Fq4(t).
The observed Qp(At) reflecting the oscillating behaviour of F4(t) pro-
vides compelling evidence that the light field governs the current that
emerges from the dielectric medium and is measured in the external
circuit. The transferred charge was also found to depend sensitively on
the CEP of the injection field (pCE (Supplementary Fig. 7). This also
corroborates the evidence that carrier injection is induced directly by
the instantaneous field F;(f) rather than by effects governed by the
cycle-averaged intensity. Experiments on free-standing electrodes kept
under helium flux did not yield any ¢.;-dependent electronic signal
under identical irradiation conditions (Supplementary Fig. 10), and so
we identify the insulator as the primary source of current in our
experiments.

Fig. 3¢ plots the electric field waveform of the drive pulse retrieved
from attosecond streaking*. Such streaking experiments were per-
formed in a parallel ultrahigh vacuum set-up independently from
the light-field-induced current measurements and under identical
laser conditions. The good correspondence between the solid lines in
Fig. 3a and Fig. 3¢ suggests that the injected carriers sample the optical
field with good fidelity. Carrier injection must therefore be substan-
tially confined to a half-period, that is, to a time window of ~1 fs. This
confinement is also indicative of a strong nonlinearity, in accordance
with Fig. 2b.

To describe our observations theoretically, we calculate the current
density, j.(t), generated in the bulk insulator along coordinate x by
solving the time-dependent Schrodinger equation for a dielectric film
with a thickness in the range 50-500 nm exposed to a strong optical
field. We neglect the Coulomb interaction between the electrons,
which is justified by the extremely short (~1fs) timescale on which
the processes occur. The time dependence of the applied electric fields
is taken from attosecond-streaking experiments (Fig. 3c). We compute
jx(t) as the temporal derivative of the field-induced polarization, mul-
tiplying it by the effective cross-section, Aeg, of the metal-dielectric
interfaces confining the active volume of the dielectric. More details
are given in the Supplementary Information.

Our computations predict the dependence of

Qv =Aut j (D) dt

— o0

on the CEP (Fig. 2a, black dashed line), the peak electric field (Fig. 2b),
and the delay between the injection and drive fields for different F4(t)
(Fig. 3) and Fi(t) (Supplementary Fig. 7) waveforms. All the observed
dependencies have been excellently reproduced using parameters—
defining the band structure and three relevant dipole matrix ele-
ments—that we chose once and did not subsequently adjust. The
parameter Ao was adjusted to fit the magnitude of the collected
charge, and A.~5 x 10~!2 m” gave the best agreement with the mea-
surements. This value matches the experimentally estimated metal-
dielectric cross-section within an order of magnitude. Hence, our
microscopic model predicts our observations both qualitatively and,
within an order of magnitude, quantitatively. This quantitative agree-
ment also implies that a significant fraction of the charge separated by
the optical currents in the dielectric is transferred to the metal leads, in
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Figure 3 | Subfemtosecond control of electric current with the electric field
of light. a, b, Transferred charge, Qp, versus delay, At, between the injection
(Fi(t)) and drive (F4(t)) fields, with parameters as described in the text. For
At <0, F4(t) precedes Fi(t). The CE phases of the injection and drive fields, (p(cl)E
and (p(CdE respectively, are set such that Qp induced independently by any of the
two fields vanishes (insets). The experimental data shown were recorded
under identical conditions except for p{2, which is shifted by 7t between the two
measurements (compare the insets). The experimental data (circles) represent
an average of several consecutively acquired values at a given Af value. The
error bars are the respective standard deviations. The solid lines correspond to
the smoothed data obtained by averaging over adjacent points. The dashed lines
show the prediction of our microscopic quantum mechanical model. Data from
our model have been multiplied by the effective cross-section, A, of the
metal-dielectric interfaces confining the active volume of the dielectric (main
text). The slightly asymmetric polarity of the experimental signal could be due

line with the predictions of a theoretical study of optically induced
currents in a single-molecule nanojunction' (Supplementary Inform-
ation, section 3.4).

The calculated j.(t) in Fig. 3c and Supplementary Fig. 3 reveals
ultrafast turn-on and turn-off behaviour, allowed by the extremely
wideband energy spectrum of the dielectric. This predicted temporal
behaviour enables us to evaluate the peak current density from our
measurements. With a maximum value of Qp(At) on the order of
0.1 A fs (Fig. 3a, b) and A.¢ as specified above, our experimental data
yield a transferred charge density of the order of 10'° A fs m ™. Given
that the duration of the current density pulse is of the order of 1 fs (see
Jjx(t) in Figs 3¢ and Supplementary Fig. 3), we estimate a peak current
density perpendicular to the electrodes of J,~10'® Am ™7, driven by a

to the non-zero residual current for each individual pulse. The dependence of
the current on At demonstrates that the charge-carrier generation takes place
predominantly in the silica medium and that electrons of the gold electrodes,
which are not sensitive to the component of the field parallel to the metal-
insulator interface, that is, Fi(t), do not contribute to the optically injected
current. ¢, Real-time optical electric field of the visible/near-infrared pulses
retrieved from attosecond-streaking measurements* (solid black line), which
were performed under identical laser conditions. The magnitude of the field is
normalized to the strength of the drive pulse, F4(), used in the photocurrent
experiment. The red dashed curve shows the time-dependent current density,
Jjx(t), as calculated from our quantum mechanical model for At=1.2 fs. The
vertical black dashed lines provide a guide to the eye for comparing the
temporal evolution of the measured electronic signal with that of the drive
electric field.

peak field amplitude of F\"'~0.2 x 10! Vm ™. We may now intro-
duce an effective electrical conductivity at optical frequencies as
Oetr(01) =] F(()d) ~50 'm™!, which exceeds the static d.c. conduc-
tivity of amorphous silica, 0, si0, <101 Q" 'm™, by more than 18
orders of magnitude.

Our microscopic theory correctly predicts the field-induced in-
crease in polarizability that is responsible for the observed current,
but does not provide intuitive insight into its origin. We suggest, with
reference to a detailed discussion in the Supplementary Information,
that this field-enhanced polarizability can be qualitatively interpreted
in terms of the dynamic formation of Wannier-Stark states®~** loca-
lized at a certain site, [, of the lattice along the direction of the applied
field, F, with an energy of E;=E, —eaFl (e is the electron charge, a is
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the lattice constant and E, is the band offset) in the adiabatic limit
(Fig. 1b). For high fields, F>1V A, the eigenenergies of the
Wannier-Stark states from the valence band and conduction band
that reside at neighbouring lattice sites |l,) and |I.) become equal;
see the avoided crossing and anticrossing of the respective purple
and green plots of energy against field the inset of Fig. 1b. For increa-
sing field strength, adiabatic passage of such an anticrossing via Zener-
type tunnelling'” may occur with a significant probability (Fig. 1b inset,
dashed arrow), emptying a valence band state. The resultant unoccu-
pied valence band states give rise to strong visible/near-infrared single-
photon resonances within the valence band (Fig. 1b inset, red arrow).
The emergence of these resonances directly implies a strong transient
polarizability**.

This field-induced transformation is predicted to be reversible and
highly nonlinear (as suggested by the resultant j,() in Fig. 3c and Sup-
plementary Fig. 3). The consequence is a sub-cycle increase in the
polarizability of the system, which leads to an asymmetric charge
displacement along the field vector: the averaging of the current to
zero that is inherent in linear processes is eliminated. Consequently,
net charge accumulations of opposite sign—dependent on the wave-
form (Fig. 2) or on the delay between injection and driving fields
(Fig. 3)—form at the opposite facets of the dielectric and transfer to
the electrodes.

Our experiments reveal an ultrafast ‘turning on’ of the measured
current. At the same time, they do not provide direct evidence for the
similarly fast ‘turning off’ predicted by our theory. A proof of the
ultrafast turn-off behaviour of the underlying field-induced nonlinear
polarization and conduction band population was provided by recent
time-resolved absorption and reflection experiments®. This suggests
that conductivity and, consequently, current can be switched on and
off in a dielectric using optical fields on a timescale of less than, or of
the order of, 1fs, and that this can be done without incurring much
dissipation. This operation cycle is similar to that occurring in a field-
effect transistor, but is fundamentally more energy efficient: when
switching, the field-effect transistor dissipates by electron-hole recom-
bination all energy stored in it, whereas the dielectric in our experi-
ment returns almost all stored energy to the injection field. These
possibilities may have ramifications for overcoming the speed limits
of semiconductor electronics. In the shorter term, our work holds
promise for the development of a solid-state device for direct sampling
of electric transients with bandwidths extending to optical frequencies.

METHODS SUMMARY

Source of strong ultrashort optical waveforms. A customized titanium-sapphire
chirped-pulse amplifier produces linearly polarized, visible/near-infrared laser
pulses with controllable ¢, a pulse energy of ~400 pJ and a repetition rate of
3 kHz. The ultrabroad spectrum of the laser spans the 450-1,100-nm spectral
range, supporting a sub-4-fs pulse duration (full width at half maximum of the
intensity temporal profile), which corresponds to a ~1.5-cycle pulse at the carrier
wavelength of ~750 nm. The laser pulses can be focused onto the investigated
solid-state system such that the cycle-averaged peak intensity reaches 10'* W cm >
(see Supplementary Fig. 2 for properties of the laser).

Photoactive metal-dielectric nanocircuit. The photoactive circuit on which the
experiments have been performed consists of a metal-dielectric-metal nanojunc-
tion. This structure is fabricated by cleaving amorphous SiO, (Crystec GmbH) and
coating the adjacent surfaces of the atomically sharp cleaved silica edge with
~50 nm of gold evaporated at grazing incidence. We obtain regular, straight, metal
electrodes isolated from each other by dielectric nanoscale trenches with widths of
the order of ~50 nm. No voltage bias is applied to the electrodes during the experi-
ment. The junction is coated with a supplementary sputtered silica nanofilm such
that the metal electrodes are embedded in a homogeneous silica matrix. See
Supplementary Information for more details on the sample structure and experi-
mental set-up. Identical measurements were made on samples composed of cleaved
monocrystalline Si0,(001) (Crystec GmhH) and on flat, ~500-nm gold-SiO,-gold
nanogaps. Both yielded results very similar to those reported in this work, but it
was possible to distinguish possible effects arising from the lack of long-range order
in the amorphous insulator and from local plasmonic resonances at the metal-
dielectric interface. These points are discussed in Supplementary Information.
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Detection scheme for the optically induced gcp-dependent electric signal. In
this work, we present experimental data on the ¢ -dependent component of the
optically generated electronic signals in the circuit. We isolate the electric current
induced by the electric field of the optical waveform from the ¢;-independent
contributions (for example electric currents caused by photo-ionization of gold
due to imbalanced irradiation of the electrodes). The observable of interest is
filtered by synchronizing the pulse train from the chirped-pulse amplifier in such
a way that two consecutive ultrashort light bursts have a ¢¢;-change of 7. This
results in a modulation of ¢y at half the repetition rate of the pulse train. The
optically generated electronic signal in the nanocircuit is measured using a current—
voltage converter with a variable high gain and a bandwidth supporting the laser
pulse train. The ¢ -dependent component of the current is extracted with alock-in
amplifier locked at the ¢ modulation frequency. The presented data correspond
to experiments performed in ambient atmosphere at ~20 °C. We carried out iden-
tical measurements in vacuum, yielding the same results.
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