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Electric-field-induced charge separation (polarization) is the most 
fundamental manifestation of the interaction of light with matter 
and a phenomenon of great technological relevance. Nonlinear 
optical polarization1,2 produces coherent radiation in spectral 
ranges inaccessible by lasers and constitutes the key to ultimate-
speed signal manipulation. Terahertz techniques3–8 have provided 
experimental access to this important observable up to frequencies 
of several terahertz9–13. Here we demonstrate that attosecond 
metrology14 extends the resolution to petahertz frequencies 
of visible light. Attosecond polarization spectroscopy allows 
measurement of the response of the electronic system of silica to 
strong (more than one volt per ångström) few-cycle optical (about 
750 nanometres) fields. Our proof-of-concept study provides time-
resolved insight into the attosecond nonlinear polarization and the 
light–matter energy transfer dynamics behind the optical Kerr effect 
and multi-photon absorption. Timing the nonlinear polarization 
relative to the driving laser electric field with sub-30-attosecond 
accuracy yields direct quantitative access to both the reversible 
and irreversible energy exchange between visible–infrared light 
and electrons. Quantitative determination of dissipation within 
a signal manipulation cycle of only a few femtoseconds duration 
(by measurement and ab initio calculation) reveals the feasibility of 
dielectric optical switching at clock rates above 100 terahertz. The 
observed sub-femtosecond rise of energy transfer from the field to 
the material (for a peak electric field strength exceeding 2.5 volts per 
ångström) in turn indicates the viability of petahertz-bandwidth 
metrology with a solid-state device.

Matter responds to electromagnetic radiation by a displacement of its 
electrons with respect to the nuclei, turning its atomic constituents into 
dipole antennas. The overall strength of these dipoles per unit volume is 
characterized by the polarization vector, P. Its dependence on the inci-
dent electric field, E(t), describes the macroscopic material response. 
Its nonlinear component, PNL, constitutes the basis for manipulating 
the electronic and optical properties with the electric field of light1,2. 
The energy transferred from the electromagnetic field to the medium 
per unit volume can be expressed as:
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Here we assume that the contribution of linear polarization to W(t) is 
negligible. This is a prerequisite for ultrahigh-rate signal manipulation, 
which relies on low dissipation. In fact, it is this dissipation that has 
limited the clock rate in contemporary integrated digital electronics to 
several gigahertz15 for more than a decade16,17.

A substantial increase of the electronic processing speed requires 
a new paradigm that is capable of greatly reducing the dissipation 

per switching cycle. Recent experiments indicated a possible way of 
advancing contemporary microwave electronics to the frequency  
of visible light by manipulating the electronic and optical properties 
of wide-bandgap materials with strong visible light fields at photon 
energies much smaller than the bandgap of the material18,19. However, 
the crucial question of how the energy density deposited irreversibly 
per switching cycle, Wirreversible, relates to the reversible energy exchange 
per unit volume, Wreversible, could not be answered. Pushing the frontiers 
of information processing to optical frequencies requires minimizing 
Wirreversible while keeping Wreversible high enough for reliable signal pro-
cessing. Insight into field–matter energy exchange at optical frequencies 
requires access to W(t) on a sub-femtosecond scale.

To this end, we propagated a strong, linearly polarized field E(t) and 
its strongly attenuated replica Eref (t) = βE(t) through a thin sample of 
a transparent wide-bandgap material, in our case fused silica, of thick-
ness �. The attenuation factor β is sufficiently small to prevent any 
observable nonlinear material response to Eref(t). Both transmitted 
waveforms are recorded in a measurement sequence as outlined in  
Fig. 1, once attenuated after and once attenuated before the sample by 
the same attenuation factor β. We show in Supplementary Information 
section 1 how a difference between these transmitted waves, 
ΔE(t) = E(�, t) − β−1Eref(�, t), directly yields the nonlinear polarization 
PNL(t) induced by the strong field E(t); see Supplementary  
equation (13).

In our experiments, we focus few-cycle near-infrared waveforms 
carried at a wavelength of λ = 750 nm into thin fused silica samples 
(� = 10 μm); for details of the experimental setup and procedures see 
Supplementary Information section 2. The focus of the transmitted 
waveform (that is, the interaction region) is imaged into an attosecond 
streak camera20,21. Here the temporal evolution of the transmitted elec-
tric fields E(z = �, t) and Eref(z = �, t) (henceforth referred to as E(t)  
and Eref(t)) is sampled with sub-250-as extreme-ultraviolet pulses. The 
peak intensities Ipeak of the strong and attenuated waves have been set 
to (1.3 ± 0.1) × 1014 W cm−2 and (6.7 ± 0.3) × 1012 W cm−2, respec-
tively. Figure 2a compares the transmitted fields and reveals the  
evolution of the nonlinear phase shift, ΔϕNL(t), induced by the strong 
field. ΔϕNL(t) increases towards the pulse peak, tapers off on its tail 
and finally vanishes; see insets to Fig. 2a. For Epeak ≈ 2.6 ± 0.1 V Å−1, 
the induced phase shift at the field maximum amounts to Δϕmax =  
0.7 ± 0.1 rad, which translates into a change of the refractive index by 
Δn ≈ (0.9 ± 0.1) × 10−2.

The field-induced phase shift evaluated at the pulse centre, Δϕpeak, 
is depicted in Fig. 2b and exhibits a linear scaling with the applied 
peak intensity. In contrast to previous research22–24, our time-resolved 
study reveals the absence of saturation of the optical Kerr effect up to 
Epeak ≈ 2.7 V Å−1, close to the threshold for dielectric breakdown for 
few-cycle laser pulses. The Kerr nonlinearity therefore appears to be 
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potentially suitable for petahertz-scale signal manipulation and metrol-
ogy beyond critical fields19 Ecrit ≈ Δg/(ea) (where Δg denotes the band-
gap, e = |e| is the elementary charge, and a is the lattice period; for silica, 
Ecrit ≈ 2 V Å−1), provided that dissipation originating from carriers 
promoted into the conduction band during the nonlinear interaction 

remains low. Although no lasting negative phase shift indicative of 
residual conduction band population is observable at the trailing edge 
of the waveform (where the Kerr effect vanishes), an accurate deter-
mination of the resultant Wirreversible and the related Wreversible requires 
evaluation of PNL(t).

The difference ΔE(t) = E(t) − β−1Eref(t) yields PNL(t) via 
Supplementary equation (13) (for details, see Supplementary 
Information section 1). Figure 3 depicts PNL(z = �/2, t) along with 
E(z = �/2, t), both numerically propagated to the middle of the sample 
where their relative timing can be most precisely determined (see 
Supplementary Information section 1) for Epeak = 2.6 ± 0.1 V Å−1. 
PNL(t) oscillates almost perfectly in phase with E(t), indicating a dom-
inant role of bound electrons. This is in strong contrast to the response 
of free electrons appearing in the ionization of neon atoms in the gas 
phase25, exhibiting a 90° phase shift with respect to the driving field 
(Supplementary Information section 3). A closer inspection reveals 
that PNL(t) lags slightly behind E(t) on the front edge and the peak of 
the pulse, indicating—according to equation (1)—energy transfer from 
the field to the electronic system of fused silica, both of which become 
of opposite sign on the trailing edge of the pulse.

The response time of the polarizing electronic system, τresponse, can 
be evaluated from the central zero-crossing of the fields (Fig. 3, upper 
left panel) as τresponse ≈ 80 as for Epeak = 2.6 ± 0.1 V Å−1. This is smaller 
than estimates from the Bohr orbit time1 and from χ(3) measurements 
in the range of 0.1–1 fs and decreases further with decreasing intensity, 
to well below 40 as for Epeak < 2.2 V Å−1, as displayed in Fig. 3b. This can 
be understood by connecting τresponse to the nonlinear (field-induced)  
absorption coefficient, αNL. For τresponse much smaller than the laser 
period, equation (1) yields a simple linear relationship, αNL ∝ τresponse.  
For multi-photon absorption, αNL scales highly nonlinearly with 
the intensity and, according to this relationship, so does τresponse. 
Supplementary Information section 4 presents detailed modelling of 
the intensity scaling of τresponse as well as a derivation of αNL(τresponse).

Rendering PNL(t) an experimental observable, attosecond polari-
zation spectroscopy allows to explore the intricate dynamic exchange 
of energy during nonlinear light–matter interactions. Inserting the 
measured values of PNL(t) and E(t) into equation (1) provides direct 
experimental access to the work W(t) done on the electrons by the 
laser field per unit volume, that is, the energy density transferred from 
the field to the electronic system. Figure 4a plots the measured W(t) 
for several different peak intensities and the results of time-dependent 
density functional theory (TD-DFT) modelling (see inset to Fig. 4,  
ref. 26 and Supplementary Information section 5). We find very good 
qualitative agreement between theory and experiment regarding all 
observables analysed, including the behaviour of the maximum phase 
shift, the change in refractive index and the evaluated amount of dis-
sipated energy. Quantitative agreement is achieved only when the 

Figure 2 | Sub-femtosecond-resolved optical Kerr effect in silica.  
a, After passage through a 10-μm-thick fused silica sample, the electric 
field E(t) of the few-cycle near-infrared pulse with a peak intensity of 
1.3 × 1014 W cm−2, approximately 10% below the threshold for optical 
damage, is modified as a result of the nonlinear light–matter interaction, 
as revealed by its comparison to a low-intensity (Ipeak = 7 × 1012 W cm−2) 
reference waveform Eref(t) (for β = 0.27). This comparison yields a 
transient positive phase shift induced by the strong field, as anticipated 
from the dynamic increase of the refractive index owing to the optical 
Kerr effect. The two insets show close-ups of the comparison near the 
centre and at the end of the pulse, revealing the full reversibility of the 
effect. E(t) and Eref(t) are obtained from averaging a set of three recordings 
performed under identical conditions on individual samples. b, The phase 
shift Δϕpeak evaluated at the peak of the field envelope for different peak 
intensities Ipeak of E(t) is found to exhibit a linear dependence on the field 
intensity. Each data point represents the mean value of three individual 
recordings under identical conditions; the error bars indicate the standard 
deviation.
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Figure 1 | Attosecond spectroscopy of the nonlinear polarization.  
To induce a nonlinear material response PNL(t), the incident strong  
field E(0, t) is transmitted through the sample, and subsequently its 
amplitude is decreased by the attenuation factor β before sampling the 
transmitted electric field waveform in a streak camera setup (I). The 
nonlinear polarization response is ‘deactivated’ by attenuating the  

incident field before the sample and transmitting the weak reference field 
Eref(0, t) = βE(0, t) through the medium under scrutiny (II). The difference 
between the output waveforms, ΔE(t) = E(�, t) − β−1Eref(�, t), directly 
yields the nonlinear polarization of the medium, PNL(t), see Supplementary 
Information section 1. The false-colour plot shows a typical attosecond 
streaking spectrogram of the transmitted waveform used in the experiments.
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theoretically employed peak electric field is adjusted to values approx-
imately 20% larger. This discrepancy can be attributed to inaccuracies 
of the exchange-correlation potential used in the TD-DFT calculations.

In all cases, the energy transferred from the field to the material 
increases up to the pulse peak and slightly beyond. This is because 
the field, while growing, needs to do ever more work to remove the 
electrons ever farther from their field-free location. The field ampli-
tude decreasing after the pulse peak allows the displaced electrons to 
return gradually to their equilibrium position and radiate a part of 
the absorbed energy back into the driving laser field. This results in a 
negative slope for W(t). The positive and negative slope are connected 
to the phase lag and phase advance of PNL(t) with respect to its driving 
field E(t) before and after the pulse peak, respectively; these are clearly 
discernible in Fig. 3.

The energy density Wirreversible = W(t → ∞) irreversibly depos-
ited in the system defines the charge carrier density promoted 
from the valence band into the conduction band according to 
Ncarrier ≈ Wirreversible/Δg (assuming population of the lowest-energy  
states of the conduction band). For Epeak = 2.6 V Å−1 a residual 

relative carrier concentration of Ncarrier/NVB = 2.6 × 10−4 is found, 
where NVB = 1.4 × 1023 cm−3 is the density of the valence-band 
electrons. This small residual carrier concentration is pivotal for 
future ultrafast signal processing and can hardly be determined 
with similar sensitivity by any other experimental method. By anal-
ogy, we can define the reversibly exchanged energy density as the 
difference between the maximum transferred energy, Wmax, and 
Wirreversible. Wreversible = Wmax − Wirreversible can be interpreted in 
terms of a virtual conduction-band population with a number of  
virtual carriers of Nvirtual ≈ Wreversible/Δg. Nvirtual is the result of a projec-
tion of the laser-dressed and fully occupied valence-band states onto 
conduction-band states and hence it fully returns the energy density 
associated with it to the field upon its disappearance27. In contrast, the 
real population, Ncarrier, survives the field and—upon its subsequent 
decay—causes dissipation.

Although Nvirtual seems rather elusive, attosecond metrology presents 
a very direct manifestation of the underlying reversible field–matter 
energy exchange. The initial energy flow dW/dt into the electronic 
system first extracts energy from the field on the leading edge of the 

Figure 3 | The nonlinear optical polarization response of silica at critical 
field strengths. a, The strong electric field numerically back-propagated to 
the centre of the fused silica sample (z = �/2 = 5 μm) is contrasted with the 
nonlinear polarization PNL(t) evaluated from E(t) and Eref(t) (Fig. 2a) at the 
same position (see Supplementary Information section 1). The response 
time of the nonlinear polarization near optical breakdown is found to be 
about 100 attoseconds at the pulse peak (close-up in the top inset). The other 
two insets display the computed spatial rearrangement of the electron 
density distribution for two extrema of the electric field at instants t1 and t2 
in false-colour representation (red indicates an increase and blue a decrease 
relative to the unperturbed state). Electrons located in the vicinity of the 
oxygen atoms appear to dominate the polarization response, whereas the 

electron cloud around the silicon centres remains largely unaffected. b, The 
response time of the nonlinear polarization is evaluated near the pulse peak 
as a function of the peak intensity of the applied field (circles) and compared 
to the results of a perturbation theory calculation (solid line; for details see 
Supplementary Information section 4). The field-induced change in 
refractive index Δn is evaluated from PNL(t) at the pulse peak as a function 
of the applied peak intensity Ipeak. The nonlinear index n2 determined from a 
linear regression (dashed line) is approximately one-third of the values 
acquired from time-integrated measurements using multi-cycle pulses29. All 
data points and error bars represent the average and the standard deviation, 
respectively, of the evaluation of three individual data sets recorded under 
identical conditions.
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pulse. This is returned by a reversed energy flow on the trailing edge, 
resulting in a temporal shift of the pulse peak, Δτpeak ≈ 1 fs, as shown in 
Fig. 4b. The phenomenon is widely known as self-steepening or optical 
shock wave formation1. Our study reveals that this phenomenon is 
an inherent consequence of the reversible field–matter energy trans-
fer accompanying the field-induced change in the phase of the pulse. 
Hence, a field-induced change in the group index, Δng, is inextricably 
linked to that of the refractive index, Δn, implying a group delay and 
a phase shift, respectively.

Signal manipulation relies on the change of refractive index Δn (and 
Δng), which is characterized by Wreversible; in contrast, dissipation is 
detrimental to signal manipulation and is determined by Wirreversible. 
Hence, the scaling of Wirreversible and Wreversible (or, equivalently, Δn) 
with the applied field strength is of key importance for future signal- 
processing applications. We evaluated the dissipated energy per unit 
volume and per several-femtosecond optical switching/modulation 
cycle versus Δn from our ab initio TD-DFT calculations, which  
we verified against measurement at the highest field strength, near 
optical breakdown (see Fig. 4c and the discussion in Supplementary 
Information section 6). At measurable levels of Δn, Wirreversible in a 
silica optical switch can be some four orders of magnitude smaller than 
the heat dissipation of a state-of-the-art metal oxide semiconductor 
field-effect transistor (MOSFET) operating at up to 10 GHz in inte-
grated circuits. This very much reduced dissipation per switching cycle 
should therefore allow the operation of a dielectric switch/modulator 
at 100 THz or beyond.

An equally important discovery is the sub-femtosecond rise time of 
the transferred energy at Epeak ≥ 2.5 V Å−1 within each optical cycle. 

With slightly shorter pulses than those used in these experiments28, 
more than 90% of Wmax will be transferred within a single sub- 
femtosecond rise depicted in Fig. 4. The resultant buildup of carriers 
in the conduction band within less than 1 fs will permit sampling of 
electric-field waveforms beyond the petahertz frontier in the simple 
setting demonstrated recently18.

Our proof-of-principle study on silica shows that careful choice of 
the peak electric field strength at E < Ecrit may open a route towards 
100-THz-rate signal processing. The observed sub-femtosecond 
gradient in nonlinear energy transfer and the related change in 
electronic/optical properties at E > Ecrit may pave the way towards 
sampling optical fields (from the infrared to the ultraviolet) with 
a compact, cost-effective solid-state device. A petahertz solid-state 
oscilloscope should enable signal processing and metrology at visible 
light frequencies.

Traditional pump–probe spectroscopy makes use of the cycle- 
averaged amplitude envelope to resolve dynamics. In contrast, atto-
second polarization spectroscopy uses the oscillating field as a probe, 
providing direct access to the full (linear and nonlinear) oscillating 
polarization and hence to the (reversible and irreversible) energy 
exchange between visible light and matter, as well as a delay in the  
system response. Hence, attosecond polarization spectroscopy is a gen-
eralization of pump–probe spectroscopy, yielding complete informa-
tion about the dynamic electronic response of matter to strong visible 
light fields with attosecond resolution and, thanks to the intense atto-
second field gradients, with a signal-to-noise ratio orders of magnitude 
better than that of any other attosecond technique demonstrated so 
far. Implemented with a probe waveform of sufficiently broad spectral 

Figure 4 | Energy exchange between strong optical fields and electrons 
in real time. a, The amount of energy the few-cycle near-infrared laser 
field transfers into a unit volume of silica is obtained from the measured 
E(t) and PNL(t) via equation (1). W(t) shows signatures of a substantial 
transient virtual conduction-band population (which is proportional to 
Wmax − Wirreversible) oscillating in synchrony with the driving electric field. 
In the steepest of these oscillations, energy is transferred into the material 
within less than 650 as at Epeak = 2.7 V Å−1. The amount of energy 
irreversibly dissipated in the sample Wirreversible depends critically on the 
maximum applied field strength Epeak. Shown are the results of recordings 
for three different field amplitudes with Epeak = 2.5 V Å−1, 2.6 V Å−1 and 
2.7 V Å−1, as indicated, and a measurement closest to the average of five 
recordings with Epeak set equal to 2.1 V Å−1 (the uncertainty in the stated 
values of Epeak is ± 0.1 V Å−1). At this field strength, Wirreversible becomes 
immeasurably small (with its error exceeding its nominal value). In the 
inset, W(t) is computed from the nonlinear polarization at z = �/2 = 5 μm 
obtained by the TD-DFT calculations outlined in Supplementary 
Information section 5 for a set of three different values of the peak electric 
field26, as indicated. The spectrum of the computed nonlinear polarization 
shows the emergence of odd harmonics of the fundamental radiation (high 
harmonic generation). The results shown here are computed from the low-
pass filtered nonlinear polarization to mimic the frequency transfer 
characteristics of the optical setup employed for the experiments. b, The 
squared electric field evolution of the reference wave and its envelope 
(black line) in comparison to the squared field and its envelope of the wave 
transmitted at a peak field strength of 2.5 V Å−1, showing clear indications 
of energy redistribution and consequent reshaping of the pulse envelope 
caused by the nonlinear polarization (see text). c, The dissipated energy 
density, equal to the irreversibly transferred energy density shown in a, as a 
function of the relative refractive index change, as extracted from the 
results of the TD-DFT simulation (circles) and experimental data taken at 
Epeak = 2.6 ± 0.1 V Å−1 (square). The excellent agreement between theory 
and experiment verifies the simulation results, permitting reliable 
prediction of the relevant quantities for much lower field strengths. The 
dashed line marks the dissipated energy density of a state-of-the-art 
MOSFET; for details see Supplementary Information Fig. 16. All error bars 
indicate the standard deviation of the evaluation of three sets of recordings 
performed under identical conditions.
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coverage, the approach allows, in principle, complete retrieval of  
the nonlinear polarization and hence of the entire response of the  
electronic system to strong-field excitation.
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