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Photoinjection of charge carriers profoundly changes the properties of asolid. This
manipulation enables ultrafast measurements, such as electric-field sampling'?,
advanced recently to petahertz frequencies®”, and the real-time study of many-body
physics®™. Nonlinear photoexcitation by a few-cycle laser pulse can be confined toiits
strongest half-cycle™ ¢, Describing the associated subcycle optical response, vital for
attosecond-scale optoelectronics, is elusive when studied with traditional
pump-probe metrology as the dynamics distort any probing field on the timescale of
the carrier, rather than that of the envelope. Here we apply field-resolved optical
metrology to these dynamics and report the direct observation of the evolving optical
properties of silicon and silica during the first few femtoseconds following a near-1-fs
carrier injection. We observe that the Drude-Lorentz response forms within several
femtoseconds—atimeinterval much shorter than the inverse plasmafrequency. This

isin contrast to previous measurements in the terahertz domain®® and central to the
questto speed up electron-based signal processing.

The nonlinear interaction of an intense laser pulse with a medium
changes its refractive index. These changes may disappear immedi-
ately after the end of the pulse, asin the case of the optical Kerr effect.
They may also outlast the pulse if electrons are promoted to excited
states. Notably, nonlinear processes are confined to a time interval
shorter than the pulse duration, multiphoton excitation being a promi-
nent example”. Such a nonlinearity allows the shortest light pulses,
with a single dominant half-cycle of the electric field, to photoinject
most charge carriers within afraction of that half-cycle. The resultant
extreme temporal confinement of carrier injection opens new oppor-
tunities for ultrafast science' >,

Here we investigate how the optical response of this electron-hole
plasma forms after sudden, 1-fs-scale, photoexcitation of valence
electrons. The time required for the response to build up depends
not only on the duration of the laser pulse that creates the plasma,
but also on how long it takes quasiparticles to acquire their proper-
ties. Collective behaviour, such as Coulomb screening and plasma
scattering, is expected to form on the timescale of the inverse plasma
frequency, henceforth called the plasma period®** . Thus, a question
of far-reaching implications is whether the plasma frequency sets a
fundamental speed limit for future advancement of optoelectronic
signal processing and metrology. The time it takes the plasmaresponse
toemergeis also essential for modelling the interaction of solids with
intense laser pulses of a few cycles. This highly nonlinear interaction
may populate states in hundreds of energy bands, which presents formi-
dable challenges for an abinitio description of many-electron dynam-
ics. Thus, efficient and accurate modelling of the physical processes
underlying cutting-edge metrology and signal processing critically
depends ontherole that many-body physics plays during the first few
femtoseconds after photoexcitation.

Field-resolved pump-probe measurements

Inour experiments, a3 fs (full-width atintensity half-maximum) linearly
polarized near-infrared pump pulse (witha period of carrier frequency
of 2.3 fs) photoexcited silicon (with a direct band gap of 3.2 eV) and
fused-silica (with an energy gap of 9 eV) by multiphoton absorption.
Thearrival time, 7, of this pump pulse was varied with respect to aweak
12 fstest pulse carried atacentral wavelength of 2.1 pm (with a period of
carrier frequency of 7 fs). For Si, photoinjection was confined to approx-
imately 2 fs, as shown by the green curve in Fig. 1b, which represents
the nonlinear work performed by the pump field. This time-dependent
work is mostly spent on creating charge carriers, and we calculated its
value using time-dependent density functional theory®. The relatively
long period of the test field is beneficial for studying light-driven elec-
tron motion. To decouple this motion from the photoinjection, the
pump and test pulses were polarized orthogonally. The transmitted
pump pulse was blocked using awire-grid polarizer, while the oscillat-
ingelectricfield (henceforth, waveform) of the test pulse was recorded
usingthe recently developed generalized heterodyne optical sampling
technique (GHOST)?.

Figure 2 displays waveforms transmitted through a 230-nm-thicksili-
consample.InFig.2a, we compare the reference waveform, £,(t), which
is the transmitted test pulse without photoinjection, with the wave-
forms E(t) recorded for two arrival times of the 0.8 VA pump pulse:
before and at the centre of the test pulse. In the latter case, the waveform
remains unchanged until photoinjection. Figure 2b plots the changein
the transmitted test field (with and without carrier injection) for differ-
ent moments of injection. This change, AE(t) = £(t) - E..(t), buildsupin
the first half-cycle of the test field (that is, within 3-4 fs) following the
peak of the pump pulse and starts decaying another half-cycle later.
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Fig.1|Field-resolved detection of charge-carrier motion controlled by
sub-half-cycle photoinjection. a, Aschematic of the pump-probe
measurements in which the waveform of the test pulse (red) was measured
after transmission through a thin sample (orange) for different delays of the
pump pulse (blue), which created charge carriers by multiphoton absorption.
b, The nonlinear nature of the photoinjection confines its durationto atime
interval shorter than the halfwave-cycle of the test pulse, even for the weaker

The experiment provides a textbook example for how the material
polarization (in this case induced by the injected charge carriers) is
imprinted inthe electric field transmitted through the sample.

The measured photoexcitation-induced waveform distortions carry
information about how the optical thickness and absorption of the
sample change with time. In the static case, these properties are fully
described by a complex refractive index. In the Methods, we define
ageneralized refractive index that describes the medium’s dynamic
response. For adispersive medium, suchageneralized refractive index
depends on both frequency, w, and time, ¢. The formation of an elec-
tron-hole plasma decreases the real part of the refractive index, which
increases the phase velocity of the test pulse and thus shifts its car-
rier wave to earlier times. The photoinjected electrons and holes also
absorblight, which attenuates the test waveform transmitted after the
pump pulse. We clearly see both these effects in Fig. 2a. From Fig.2b we
seethat already 3-4 fs after the peak of the pump pulse the waveform
distortions measured for slightly different delays merge within their
standard deviations. We interpret this as a transition from ballistic to
non-ballistic conduction.

Drude-Lorentz model

For gaining insight into how ultrafast photoinjection reshapes the test
pulse, itis sensible to seek the simplest possible model able to account
for the essential physics. For this purpose, we use the Drude-Lorentz
modelintheidealized case of instantaneous photoinjection. A textbook
derivation of the Drude-Lorentz model*® considers the classical motion
of free charge carriers and bound electrons in an oscillating electric
field. In the Methods, we summarize and state again this derivation
for the specific case in which pairs of charge carriers are created and
begin their classical motion under the influence of the electric force
ofthetest field atacertain moment 7 (similar models were previously
developed for terahertz time-domain spectroscopy® >*). The resultis
acomplextime-dependent refractiveindex that describes the proper-
ties of the electron-hole plasma but does not account for wave-mixing
processes that require the presence of the pump pulse, such as the
optical Kerr effect or the dynamical Franz-Keldysh effect***. On the
basis of this time-dependent refractive index, we investigate the extent
to which the observed waveform distortion can be accounted for by
the Drude-Lorentz model.

Tothisend, we numerically optimize the phenomenological param-
eters of the model to fit the measured waveform distortions in the
time interval ¢ > 7+ 5 fs. In this time window, we can neglect any non-
linear interaction of the 3 fs pump pulse with charge carriers that
couldinduce a polarization response in the direction of the test field.
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(two-photon) nonlinearity occurringin Si (showninthe panel). The green curve
shows the nonlinear work performed by the pump field. The grey area
highlights the time between the moments at which the work reaches10% and
90% of its final value. In SiO,, this confinementis even stronger owing to the
higher number of photons needed for promoting avalence electron to the
conductionband®.

The results are shown in Fig. 3, which compares the measurements
with the 230-nm-thick silicon sample to those with a 12.7-um-thick
fused-silicasample, for which the pump pulse had a peak field strength
of 1.4 VA In Fig. 3e,f, we plot the difference between the measured
and reconstructed waveformdistortions. For both materials, the model
accurately reconstructs the measured delay-dependent waveform
distortion except in a time interval of few femtoseconds around the
centre of the pump pulse. In the fused-silica measurements (Fig. 3f),
we evaluate an upper limit for the formation time of the Drude-Lorentz
response tobe4 fs. This is notable given that the plasma period, which
weretrieve from these measurements, is110 fs. For silicon, we estimate
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Fig.2| The effect of ultrafast photoinjection on the test pulse transmitted
throughthe 230-nm-thicksiliconsample. a, The reference waveform £, ¢ (¢)
(black), whichis the electric field of the test pulse transmitted through the
unperturbed sample, iscompared with a test waveform with photoexcitation
preceding the test pulse (blue) and the waveform measured with the 3 fs pump
pulsearrivingat ¢ = 0 (orange). The shaded areas represent the standard
deviations from three independent measurements. b, The measured
photoexcitation-induced changeinthe transmitted electric field, AE, for several
arrival times of the pump pulse, 7. The dashed curve shows the envelope of E, ¢ (t).
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the plasma period tobe between 2 and 3 fs, whichis comparable to the
duration of carrier injection.

Time-dependent refractive index

Whereasthe interaction with the pump pulse is nonlinear, the polariza-
tion response to the weak test pulse is linear. So, its transmission
through the sample is fully described by the complex-valued,
time-dependentrefractiveindex n,(t), which does not depend on the
shape of the test waveform and encodes all the information about the
physical processes that make the medium’s optical properties evolve.
Itispossibletoretrieve the time-dependent refractiveindex fromthe
waveform distortions. We find, however, that agood first approxima-
tion to the time-dependent refractive index at the central frequency
ofthe test pulse may be obtained without sophisticated reconstruction
by applying the following analysis to delay-dependent waveforms.

A mere change in the optical thickness of a sample barely affects
half-cycle amplitudes but it shifts the zero crossings of the electric
field in time. At the same time, changes in absorption and reflection
strongly affect the half-cycle amplitudes, but not the positions of the
field’s zero crossings. This indicates that the delay dependence of
zero-crossing shifts should be closely related to Re[n,,(t)], whereas the
delay dependence of the half-cycle amplitudes should be mainly deter-
mined by Im[n,,(£)]. According to our modelling, thisindeed is the case
inour measurements. The error barsinFig. 4 show how photoinjection
shifts the zero crossings and reduces the half-cycle amplitudes in the
measured data. These error bars represent standard deviations evalu-
ated from delay scans that were performed one after another (three
scans for silicon and five scans for fused silica).

Thessolid curvesin Fig. 4 were obtained by applying the same analy-
sis to the reconstructed waveforms, for which we used the Drude-
Lorentz model with the same parameters as before (in Fig. 3). Thereal
and imaginary parts of the refractive index in this model are depicted
with empty circles and squares, respectively. More accurately, this
time-dependent refractive index describes the propagation of amon-
ochromatictest wave withawavelength of 2.1 um, whichis the central
wavelength of the test pulse. We see that the shape of Re[n,,(t)] closely
resembles that of the zero-crossing shift, whereas the shape of Im[n,, ()]
matches that of the half-cycle amplitude reduction. We also observe
here that neither the theoretical refractive index nor thereconstructed
waveforms change abruptly eventhough photoinjection was modelled
asaninstantaneous event. Thisis because, in suchmeasurements, AE(t)
is approximately proportional to the electric currentinduced by the
test field*, and the current gradually builds up as the field accelerates
the charge carriers. For the same reason, the time dependence of n,,(¢)
does not end with photoinjection (see equation (16) in the Methods).

With these insights, Fig. 4 allows us to further analyse the part
of the medium response that is not accounted for by our Drude-
Lorentzmodelwith instantaneous photoinjection. Inthe case of silicon
(Fig. 4a), the modelled change in the refractive index is steeper than
that inferred from the measurements: measured between 10% and
90% of the maximum change, therise time of absorptionis 5.2 fsin the
measurements and 1.4 fs in the simulations. This discrepancy can be
largely explained by the approximation of instantaneous photoinjec-
tion that we made in our model. Even if we neglect phonon-assisted
single-photon transitions, we expect that 80% of the charge carriers
are photoinjected withinatime interval of approximately 2 fs (Fig. 1b).
We conclude that the results in Fig. 4a do not contain any unambigu-
ous evidence for many-body dynamics prolonging the buildup of the
Drude-Lorentzresponse.

In the case of fused silica (Fig. 4b), photoinjection requires the
absorption of at least four photons from the pump pulse. Hence, we
expect that more than 70% of the charge carriers appeared during the
central half-cycle of the pulse. Here the approximation of instantaneous
photoinjection is more applicable, and other effects are responsible
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Fig.3|Distortion of the test waveforms induced by the pump pulse.

These pseudocolor diagrams show AE(¢, 7) normalized to the peak value of
thereference field, £, The black dashed lines show the middle of the pump
pulse (t=1). Thegreendashed lines represent ¢ =0, at which the reference
waveformreachesits maximal value.a,b, AE(t, 7) measured for silicon (a) and
silica (b).c,d, AE(t, T) reconstructed using the Drude-Lorentzmodel for
silicon (c) and silica (d). e,f, By subtracting the reconstructed AE (¢, 7) fromthe
measured one, we obtain the non-Drude-Lorentz waveform distortions, which
areshown forsilicon (e) and silica (f), using the same colour schemes as those in
theupper panels.

for the differences between the error bars and the solid curves. The
test field’s zero crossings first get delayed and only then experience a
negative time shift. We associate this transient increase in the optical
thickness of the sample with the optical Kerr effect. We cannot fully
explain why the positive zero-crossing shifts extend over 8 fs, which
is three times as large as the full-width half-maximum of the pump
pulse, but the propagation through the 12.7 um sample may be partially
responsible for it. We had to use a relatively thick fused-silica sample
to achieve an acceptable signal-to-noise ratio in spite of the minis-
cule changes in the refractive index—the relative inefficiency of the
high-order multiphoton absorptionin fusedsilica putsanupper limit
on the concentration of charge carriers that can be achieved without
destroying the sample. In contrast tosilicon, the contribution from the
electron-hole plasmato An in fused silica was comparable in magni-
tude to that from wave-mixing processes enabled by the presence of
the pump pulse. Inaddition to the optical Kerr effect, these processes
include atransientincrease in absorption, whichis amanifestation of
the Franz-Keldysh effect (the Keldysh parameter was close to 1in the
fused-silica measurements).

Conclusions

Insummary, petahertz-scale optical-field metrology ina pump-probe
setting enables the direct observation of how the optical properties
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Fig.4|Timedependence of optical properties. a, The analysis of the silicon
data. The positions of the magentaerror barsand the red curve show the
photoinjection-induced decrease of the half-cycle amplitudes in the measured
andreconstructed waveforms, respectively. These dataare juxtaposed with
theimaginary part of the refractive index (black squares), evaluated using the
Drude-Lorentzmodel. The positions of the light-blue error bars and the blue

of amedium evolve after 1-fs-scale photoinjection. For a sufficiently
thin sample, the time dependence of the real part of the refrac-
tive index is closely matched by the delay dependence of the
test waveform’s zero crossings, whereas the imaginary part of
the refractive index matches the delay dependence of the half-
cycleamplitudes.

Both in silicon and in fused silica, we observed that the Drude-
Lorentz response forms within a few femtoseconds after photoinjec-
tion. Infusedsilica, this time was much shorter than the inverse plasma
frequency. Under the premise that the plasma frequency sets the
relevant timescale for the formation of charge-charge interactionsin
many-body systems, we may conclude that many-body phenomena
have little effect on how a photoexcited wide-gap material, in this case
fusedsilica, responds tovisible or infrared light. This conclusion grants
credibility to treating theinteraction of abruptly injected carriers with
opticalfieldsintheoretical frameworks in which electrons are described
withsingle-particle mathematical objects®*, for example by means of
time-dependent density functional theory® or semiconductor Bloch
equations*C. At the same time, it is likely that future research will find
examples in which collective processes are pronounced in suddenly
photoexcited solids and petahertz-scale optical-field metrology will
be a powerful tool for investigating them.
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curverepresentthe changeinthe timingofthe test field’s zero crossingsin the
measured and reconstructed waveforms, respectively. The black circles show
thereal part ofthe time-dependentrefractiveindex. b, The same analysis
applied to the fused-silica data. The horizontal axisin these plotsis the time
passed after the middle of the pump pulse. The intensity envelope of the pulse
isshownbythegreenarea.
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Methods

Thelinear polarization response of amedium with
time-dependent properties

When a pulse of light is transmitted through a material, the textbook
description ofthe interaction between the electric field of the pulse and
matter is generally given in terms of material parameters, such as the
refractive index, dielectric function or susceptibility. When the material
changesits properties slowly, the generalization of these quantities is
straightforward. A more careful generalization is necessary when the
properties substantially change withinasingle oscillation of the optical
field. Thisis the purpose of this and the following sections.

Let us consider the polarization response induced by a light pulse
thatissoweak that therelationship betweenits electricfield, £(¢), and
the induced polarization, P(t), can be assumed to be linear. By defini-
tion, a linear response must satisfy two requirements. First, if E(¢)
induces P(t), then aE(t) must induce aP(t), where ais a constant. Second,
if £, (¢) induces P, (t) and E, (¢) induces P, (£), then the sum of the fields,
E, (¢) + E, (t), mustinduce the polarization thatis equal to P, (¢) + P, (¢).
Forsimplicity, we regard the electric field and theinduced polarization
as scalar quantities and we assume that the polarization response is
local. When the medium is static, the most general expression of the
linear polarization response that satisfies causality is given by the
well-known equation

P = drx® @G-,

which we have written in CGS units.

Here y© (1) is the first-order, time-domain susceptibility. As the
right-hand side of the above expression is a convolution, the linear
polarization response of a static medium looks particularly simple in
the frequency domain: P (@) =y VE ().

Let us now generalize this formalism to the case in which the optical
properties ofthe mediumevolvein time. The time-domain description
is a convenient starting point for such a generalization.

The following equation satisfies the causality principle and the lin-
earity requirements:

P(t) :j: dr YO (x, OF (t-1). o

The linear susceptibility now depends on two arguments. The first
one, 7,isrequired because the polarization response does not build up
instantaneously. The second argument, ¢, represents the time depend-
ence of the medium’s properties. Because of this second argument,
the Fourier transform of the integral is no longer a product of E(t) and
afrequency-domain susceptibility; one must also perform a convolu-
tionwhenworkinginthe frequency domain. This means thatamedium
with time-dependent properties can mix frequency components of E(t)
and generate new ones. At this point, it is instructive to consider two
special cases: the impulse response and the response to amonochro-
matic wave. These cases are useful because any pulse can be written
as alinear superposition of delta spikes,

EO=[ _deoE sty @

or monochromatic waves,

EO=5- ] doF@e™, 3)

thelatter equationbeingjust theinverse Fourier transform. By substi-
tuting E (¢) with 6 (¢—¢,) in equation (1), we get the polarization
response to a delta spike thatarrives at time ¢,;:

Pyttt =[ drx® (0, 08(-1-6) = (t-to, 0O~ t).  (4)

HereOisthe Heaviside function, which canbeincorporatedinto the
definition of)((” (7, t). We can rewrite this equation in the form that
givesthe recipe for evaluating x® (z, t) from the polarization response
induced by a delta spike:

xO (1,t) =Ps(t,t- 7). (5)

We see that x© (1, ¢) is simply the polarization that the delta spike
arriving attime ¢ - rinduces at time .

Let us now return to equation (1) and substitute £ (¢) with e “*. This
yields the response to amonochromatic wave:

Pw ® :Io dT)((D (1,0 e—iw(t—r) — e—ithw o, (6)

where X, (0) is the Fourier transform of,\/(l) (1, t) withrespect tothe
firstargument:

X, (©) =IZ dr xO(z, ) e, (7)

We canregard x () as a time-dependent linear susceptibility to a
monochromatic wave.

Equippedwith x_(¢), we canevaluate thelinear polarizationresponse
toanarbitrary pulse as

PO=5 [ _dwE@e™y, 0 ®)

Inthe frequency domain, this translates into

P 1 ” T Ny 7
P (w) =E‘[_wdw E@)y, (w-w),

where

X, (@) :J‘w dey,, (O =[f"_dedry ® (r,)el @D

is the two-dimensional Fourier transform ofx‘l) (1, t) withrespect to
both arguments.

Time-dependent refractiveindex
Forastaticmedium, thecomplex-valuedrefractiveindex, n,, describesthe
propagation ofamonochromatic wave accordingtothe following formula:

E, (z,t) = Re[exp(i%nwz]e‘i“"@(o, t)},

whichis consistent with Maxwell’s equations as long as cis the vacuum
speedoflightandn =1+ 4rr)(g)(fora non-magnetic medium). Although
itmay look reasonable to define atime-dependent refractive index as
J1+ 4nxg) (¢), this will not necessarily preserve the above expression
for pulse propagation. Let us search for a definition of n,, (¢) that allows
us to associate its real and imaginary parts with the optical thickness
and the absorption of a thin film. The complex-valued transmittivity,
T, of athin sample relates the incident and transmitted fields: if the
incident field isamonochromatic wave £9%e ™, then the transmitted
fieldis7,,FPe !, Here the generalization to media with time-depend-
ent optical properties is unambiguous:

E3"(6) =T, () EN(e) = T, () EDe 71!, (9)
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If T, depends on time, £3"(¢) will no longer be a monochromatic
wave—the w subscript merely indicates the frequency of the incident
wave. As long as the transmission is linear, knowing T, (¢) allows one
to evaluate the transmission of an arbitrary light pulse by decompos-
ingitinto monochromatic waves, transmitting each of them separately
and assembling the outcomes:

(0= 5 [ doT, 0" @)
21 -

1 = e (10)

- EJ‘—W d(MTw(t)e_lth‘_Do de’e'®t Ene).

The transmission of a plane-parallel plane with static properties is
known to be

1
T,= - s
“ cos(8,) - %(nw + i)sin(é‘w) an
where
7]
6&) = ?nwd,

and dis the thickness.

For a generalized time-dependent refractive index to describe the
transmission through a thin sample, we define n, (¢) via the time-
dependent transmission:

1
t) = N ’
cos(6, (1) - g(nw o+ ﬁ)sin(cﬁw ) 12
8,(0) = %nw(t)d. 13)

According to this definition, the effective refractive index may
depend on the sample thickness, but this dependence disappears in
thelimitof aninfinitesimally thin sample. To show this, we first consider
|6, (£)] < 1and simplify the above two equations:

Tw(t):1+%[1+nf,(t)]. (14)

Let us now relate n,, (¢) to x” (¢), which we defined earlier. Light
transmitted through asampleis the superposition of the incident wave
and thatemitted by the electric currentinduced in the medium. If light
propagates along the zaxis, while the electric current J (z, t) is confined
to0<z<d and flows in a direction perpendicular to the z axis, then
Maxwell’s equations give the following expression for the electric field
induced by the electric current:

21 ¢ |z-2'|
sheet —_ ’ ’ =1
E (z,t) = CIOdzj(z,t c .
The field of a transmitted monochromatic wave is then given by

d ’
_i%d-iwe ) 2T (o . 1d=2|
EQN (0 =€ € E Q- 2T [ dzy 77, e- 1L |,

For aninfinitesimally thin sample, the dependence of J on zcan be
neglected, and we arrive at
2nd

50 = (L1 dJE -5 0.

(15)

By comparing this expression with equation (9), we derive
L ed(, 2mid, () .,
Tw(t)—1+c(1+£_a()me .

By comparing this expression with equation (14), we relate the
time-dependent refractive index to the electric current density:

4tii J, (O i
— e

n3(t)=1+ o FO (16)
[0]

Wesee that n,, (t) indeed does not depend ond.
Theelectric currentdensity J, (¢) is the time derivative of the polar-
izationinduced by amonochromatic wave:

J, @ =Py(@®) = %(e"“”xw OEL) =™ EL (x/, (0) - iwx, (©).

Substituting this equationinto equation (16), we arrive at the sought
after relationship between the generalized refractive index and the
generalized linear susceptibility:

n(t) =1+4n[1+£%j)(w ). 17)

Although we derived this equation for an infinitesimally thin film,
one can still use it in equation (12), as a first approximation, for the
transmission of a sample with a small but finite thickness.

Drude-Lorentz model for instantaneous photoinjection
The optical properties of conducting solids are well approximated by
the Drude-Lorentz model. Thisis acombination of the Drude model,
which describes the motion of free charge carriers, and the Lorentz
oscillator model, which describes various resonances that shape the
polarizationresponse. The rigorous derivation of the Drude-Lorentz
model requires a quantum-mechanical treatment, but essentially the
sameresult canbe obtained classically. Here we repeat the the classical
derivation for the casein which asolid suddenly changes its properties.
At this moment, free charge carriers appear, which are accelerated by
the electric field of the test pulse according to Newton’s second law:
e
X"(0) + Y’ (O) =——E (). (18)
mp

Here x is the electron displacement caused by the external electric
field £ (¢), subscript ‘D’ stands for ‘Drude’, y, is the rate of momentum
relaxation, e > O isthe elementary charge and my, is the average effective
mass of charge carriers.

In addition to creating charge carriers, photoexcitation enables
interband transitions that could not take place in the unperturbed
solid: once anelectron makes a transition fromavalence state to astate
in a conduction band, the electron can then be further excited into a
higher conduction band by absorbing a photon, whereas the vacancy
leftinthe valence band can be filled by photoexciting an electron from
adeeper valence band. Each such transition gives rise to a separate
Lorentz term, but it is often sufficient to consider just a few of them
to approximate the linear polarization response in a limited spectral
range. In the classical description, the Lorentz contribution to the
polarization response emerges from the solution of the following form
of Newton'’s equation for the electron displacement:

X7(0) + 27X (0 + 03 0 =~ (1), (19)
L

where w, is the frequency of a Lorentz resonance, y, is its relaxation
rate, and m, is an effective mass. For simplicity, we will consider just



one Lorentzterm, and we will solve the differential equations with the
followinginitial conditions: x (t,) = 0,x’ (¢,) = 0, where t,isthe moment
of sudden photoexcitation. The polarization response is related to
the classical electron displacement via P (t) = —eNx (t). For the Drude
response, Nis the concentration of charge carriers; for the Lorentz
response, it is the concentration of Lorentz oscillators. To write the
final result without explicitly using the concentrations and effective
masses, we introduce plasma frequencies. In CGS units, their standard

definitions are
_ |4meN,
Wplp= | "
D
4me?N,
(‘)pI,L = .

We express the polarization response to a monochromatic wave,
e as IAGES N () e solve the above differential equations and
obtainthe following equations for the time-dependent linear suscep-
tibility in the presence of instantaneous photoinjection:

X, (O =x 9 +ax0mde (1) + axtorentz (g, (20)

2 i -
® 1 it (1 Yot
A){erde(t"'tO):—@(t) pl.D 27._*467 L € ; i (21)
w Fipw B (@ oty

4
and
AXI;)oremz ([+ tO)
o ng,L 1 e—theiwt e—im eim (22)
= — - +
© 41 a),z—ZiyLw—a)z 20 |(Q-w-iy Q+w+iy ||
where

Q= |wi-yl. (23)

In this implementation, the model has five adjustable parameters:
Wy p Wy Wy ¥ @and w,. The susceptibilities of unperturbed samples,
)({(f), were determined from separate field-resolved measurements,
where the pump pulse was blocked and test waveforms were recorded
with and without the sample. We then used equation (11) to evaluate
X9 and the sample thickness.

The reconstruction results that we present in the main text were
obtained by numerically optimizing the fit parameters, for which we
minimized the difference between the measured and reconstructed
waveform distortions. The reconstructed waveforms were evaluated
with the aid of equations (10), (12), (13), (17) and (20)-(23). Extended
Data Table1lists the obtained values of the fit parameters.

Nonlinear work

In Fig. 1b, we show the time-dependent nonlinear work (green curve)
asameans forillustrating the dynamics of photoinjection. We obtained
these datausing the SALMON code?, whichimplements the real-space
real-time time-dependent density functional theory. Using the Tran-
Blahameta-generalized-gradient-approximation exchange potential
with Perdew-Wang correlation*, we calculated the macroscopicelec-
tric current density, J(¢), induced by a realistic laser pulse shown in
Extended Data Fig. 1. The peak electric field of the pulse inside the
silicon crystal was set to 0.35V A™. The time-dependent work per-
formed by the electric field £(¢) is given by W (¢) ZI; E(@)J()dt’ .
To get the nonlinear work, we ran another simulation with a much

weaker pulse (0.001V A™), which gave us a good estimation of the
linear work. Inthe absence of single-photon transitions, the linear work
isresponsible for the linear polarization that the pulse transiently
inducesinthe medium. Thelinear work scales as the square of the peak
electric field, which allows one to calculate the linear component of
the work performed by anintense pulse. By subtracting the linear work
fromthe total work, we obtained the nonlinear component of the total
work, which is due to nonlinear interband transitions and, to a lesser
extent, the motion of photoinjected charge carriers.

Optical system

ATi:sapphire oscillator (Rainbow 2, Spectra Physics) was used to pro-
vide an octave-spanning bandwidth, centred at 750 nm (Extended Data
Fig.2). The carrier-envelope-phase (CEP) from the oscillator was stabi-
lized using afeed-forward scheme. The pulses were further amplified
within a nine-pass cryo-cooled Ti:sapphire chirped-pulse amplifier at
arepetition rate of 3 kHz and temporally compressed using a trans-
mission grating-based compressor, yielding 21 fs pulses with 2.5 W
output power. The amplified pulses were spectrally broadened in a
hollow-core fibre filled with neon gas (1.8 bar pressure), resultingina
spectral broadening that covered the wavelength range from 400 nm
t01,100 nm. Three pairs of chirped mirrors in combination with 6 mm
of fused silica (and 50 cm of air) were used to compress the pulses to
about 3 fs (full-width half-maximum of the intensity envelope, evalu-
ated fromnonlinear photoconductive sampling® measurements). The
compressed pulses were then guided to the experimental setup for fur-
ther experiments. An extra CEP stabilization loop, for long-term drifts,
was implemented using the fibre output and the f-to-2ftechnique.

Data acquisition

The electric-field waveforms were recorded with a recently demon-
strated GHOST® with a heterodyne signal produced in a z-cut a-quartz
crystal of about 12.3 pm thickness. The optical signal for GHOST detec-
tion was measured with a fast photodiode (Roither Lasertechnik). A
transimpedance amplifier (DLPCA-200, FEMTO Messtechnik) was used
to provide an amplified voltage signal to a gated integrator (SR250
Stanford Research Systems) that was triggered by an electrical signal
synchronized to the repetition rate of the laser. The integrator pro-
ducedad.c.voltage that was proportional to the integrated photodiode
signal for all combinations of optical pulses (see the next section).
The signal from the integrator was recorded using an oscilloscope
(Tektronix) for analogue-to-digital conversion and recorded using
acomputer interface to the General Purpose Interface Bus (National
Instruments).

Multiplexed detection of perturbed and unperturbed
waveforms

Fluctuations and drifts in the laser system modify the test pulse dur-
ingadelay scan, which presents a major obstacle for measuring small
changesin electric-field waveforms. To mitigate this problem, we meas-
ured the modified and reference waveforms almost simultaneously.
For eacharrival time of the sampling pulse, we measured the following
three signals: (1) a signal generated by the sampling pulse interacting
with the modified waveform; (2) asignal for which the sampling pulse
interacted withthe reference waveformand (3) asignal for which only
the sampling pulse reached the photodetector. This form of detec-
tionwasimplemented using optical chopper wheels to transmit every
third pump and block every third test pulse, generating the following
sequence of pulses:

Pump pulse: 1 0
Test pulse: 1 1
Sampling pulse: 1 1 1
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Here ‘1'indicates that the pulse is present, whereas ‘0’ indicates that
the pulseis blocked by the chopper wheel.

Thissequence of pulsesis delivered to the photodiode. The current
signal from the photodiode is then further amplified and converted
to a voltage by means of a transimpedance amplifier (DLPCA-200,
FEMTO Messtechnik). The output from a transimpedance amplifier
provides atime-domaintrain of voltage signals (Extended Data Fig. 3a).
A boxcar integrator (SR200, Stanford Research Systems) provides a
d.c. output for each of these voltage pulses (Extended Data Fig. 3b):
d.c.,,d.cgandd.c., correspondtothe three columnsin theabovetable,
respectively. The output from the boxcar integrator is digitized and
stored. The pump pulseis blocked after the sample and does not reach
the detector.

If the pump pulse does not change any properties of the sample
medium, thed.c., andd.c.; outputsareidentical.If, however, the pump
pulse changes the sample medium, then the difference between d.c.,
andd.cgoutputs corresponds to adifferencein the test waveform due
tothe change of the sample properties. The signal related to the mod-
ified waveformis d.c., - d.c.,, whereas the signal related to the refer-
encewaveformisd.cz-d.c.,.

The experimental setup
The optical setup is shown in Extended Data Fig. 4. The pump pulse,
obtained from the reflection off the front surface of the first wedge in
the wedge pair (WP1), was delayed using a closed-loop piezo stage (PX
200, Piezosystems Jena). The sampling pulse is obtained by taking the
reflectionfroma200-mm-thick ultraviolet-grade fused silicawindow
(FS2).Thereflected light was delayed using another closed-loop piezo
stage (PX 200, Piezosystems Jena). Wire-grid polarizers (WG 1, WG 2,
WG 3 and WG 5) were used to control the energies of the test, pump
and sampling pulses, whereas fused-silicawedge pairs (WP1, WP2, WP
3) were used for fine dispersion compensation and CEP control. An
off-axis protected silver parabolic mirror (OPM 2) was used to focus
thetestarmona0.8-mm-thick (8 =10.3° where 6 isthe angle between
the surface normal and the crystal axis) BiBo crystal (NL1) for intra-
pulse difference-frequency generation. A set of fused-silicaand silicon
plates (FS1, Si) was used for the compression of the near-infrared pulses
and forblocking the fundamental, respectively. The near-infrared light
was collimated by a protected gold off-axis parabolic mirror (OPM 3).
The pump and test pulses were recombined using a wire-grid polar-
izer (WG 4), which transmitted the pump pulses and reflected the
test pulses. The orthogonally polarized pulses were focused using
a protected silver off-axis parabolic mirror (OPM 1) on the sample
and re-collimated using another protected silver off-axis parabolic
mirror (OPM 4). The pump pulses were transmitted through a hole in
the re-collimation mirror (OPM 4). The collimated beam was recom-
bined with the sampling pulses using a wire-grid polarizer (WG 6). A
12.34-mm-thick z-cut quartz crystal (NL 2) upconverted the sampling
pulse. After spectral filtering by abandpass filter (BP 1) and polarization
control by awire-grid polarizer (WG 7), this high-frequency light served
as the local oscillator for generalized heterodyne optical sampling.
At the same time, NL 2 enabled nonlinear wave mixing between the
sampling and test pulses. The interference of this signal with the local
oscillator was detected with a SiC-based photodiode (PD 1). Modula-
tion of the test and pump pulses was accomplished using chopper
wheels (CW1and CW 2), generating the sequence of pulses for the
almost simultaneous waveform detection.

Timing of the injection event

The following experimental procedure was used to determine the
moment of photoinjection (delay zero). The experimental setup has
two focal planes: the sampling and detection ones. The pump and test
pulsesinteractwith athinsamplein the sample plane. Before the trans-
mitted test pulse reaches the detection plane, the transmitted pump
pulse is removed and a sampling pulse is added to the beam. GHOST

detection thentakes placein the detection plane, where the two pulses
interact with the nonlinear crystal that is labelled as NL 2 in Extended
Data Fig. 4. The wedge pair WP 2 was used to set the CEP of the pump
pulseinthesample plane to O (cosine pulse). The wedge pair WP 3 was
used to set the CEP of the sampling pulse in the detection plane to O.
The pump pulse in the sample plane is a replica of the sampling pulse
inthe detection plane because both pulses are derived from the same
incoming pulse, they have the same CEP and they propagate through
the wedges made of the same medium under conditions adjusted for
maximum compression.

Inthe detection plane, the strong sampling pulse produces a nonlin-
ear gate confined to the vicinity of the strongest peak of the sampling
pulse. The gate was scanned through the test pulse by aretroreflector
consisting of mirrors M6 and M7 placed on piezo translation stage TS 2.
As the nonlinear gate is confined to the vicinity of the strongest peak
ofthe sampling pulse, the signal produced at each position of the TS2
corresponds to the temporal overlap between the strongest peak of the
sampling pulse and the part of the test pulse within the window of the
duration of the gate (less than 1fs). Hence, by sampling the test-pulse
waveform, one can the map positions of translation stage TS 2 to tem-
poral overlaps of the peak of the sampling pulse with various parts of
the test waveform.

To determine the moment of photoinjection in the sample plane
(delay zero with respect to the test pulse), the sample was removed
and anonlinear crystal NL2wasinstalled in the sample plane. Then the
test pulse was measured in the sample plane using the same GHOST
scheme asinthe detection plane but with the pump pulse playing the
role of the sampling pulse. This not only allows one to characterize
the test pulse in the sample plane but also to map the positions of the
translation stage TS 1to temporal overlaps of the peak of the pump
pulse with various parts of the test pulse. Extended Data Fig. 5 shows
an example of such a pair of measurements.

After measuring the test-pulse waveforminboth sampling and detec-
tion planes, the relation between the positions of translation stages
TS1andTS2canbedetermined. Hence, various moments of photoin-
jectioninthe sample plane canbe projected onto the test-pulse wave-
formmeasuredinthe detection plane. When the injection translation
stage is moved to position x, this corresponds to the excitation of the
sample at the location on the test-pulse waveform that corresponds
to the position of the translation stage in the detection plane being
y=x+d.

The constant shift d was measured before each experimental cam-
paignby sampling the test pulse in the sample and detection planes with
the same optics and electronics. Once dis determined, the moment of
the photoinjection can be mapped directly onthe measured test-pulse
waveformin the detection plane.
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Extended DataFig.1|Theelectricfield of the pump pulse that was usedin
the TDDFT simulations. Figure 1b in the main text shows the central part of
this waveform, which was obtained by first measuring the pump pulse with the
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aid of nonlinear photoconductive sampling and then adapting these
measurement results for numerical simulations: suppressing the wings and
removing the noise by spectral filtering.
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Extended DataFig.2|Diagram of the laser source layout. The output of the passes through three pairs of chirped mirrors (Ultrafast Innovations) which
Ti:Saoscillatoris guided through the CEP4 module (Femtolasers) for CEP compensate for the spectral phase of the incident pulse as well as the additional
stabilization (Stage I carrier-envelope phase stabilization). The transmitted dispersion of the experimental setup. In front of the compressor, an outcoupling
pulseis amplified in a chirped-pulse amplifier (Ti:CPA). The amplified pulse is mirror reflects asmallfraction of the beaminto the second stage of the carrier-

guidedintothe hollow corefiber filled with neon gas. Thebeamis coupledinto envelope phase stabilization, whichis based on the f-2f scheme.
the fiber following active stabilization. After the hollow core fiber, the beam
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Extended DataFig. 3 |Schematic representation of the multiplexing energy carried by the respective optical pulse. The orange outlines represent
scheme. a, A photodiode registers three consecutive optical pulses labeled as thewindows of theintegration time. b, Theboxcarintegrator generates an

o, B,andy. Each pulse produces anelectrical signal with the shape ofadecaying  outputd.c.signal after eachintegration window. This d.c. value canbe further
exponential function (blue). The integral of this signal is proportional to the read out withan oscilloscope or any analog-to-digital converter device.



Extended DataFig. 4 |Schematic of the experimental setup. Anoptical pulse
fromthelasersourceissplitinto three optical arms: test, injection and
sampling. The pulseinthe testarmis down-converted to a pulse with a central
wavelengthof 2.1 um. The test and injection pulses are combined witha
controlled delay between them and transmitted through asample. The

injection pulseisthenfiltered out, while the transmitted test pulse is combined
with the sampling pulse, which nonlinearly interacts with the test pulsein the
detectionplane, samplingits electric field. This figure was created with the
online 3Doptix platform (https://3doptix.com/).
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Extended DataFig. 5| Timing (translationstage positions) synchronization determiningthe mappingbetween the positions of piezo stages that control
between two focal planes. Since photoinjection takes place in the sample the pump-testand sampling-test delays, which isaccomplished by comparing
plane, while the test pulse is sampled inthe detection plane, itisnecessary to test waveforms measured in the sample and detection planes.

calibrate the delay between the pump and test pulses. Thisis done by




Extended Data Table 1| The retrieved values of the fit
parameters

Parameter Silicon Fused silica
wpp (f87) 230 0.0566

o (s 0.494 0.945

wpy (f5") 0629 0.0282

. (fs™) 0.0155  0.0592

w, (fs) 0.716 0.344

The values of the parameters of the Drude-Lorentz model (see Methods) that minimize the
discrepancies between the measured and simulated waveform distortions.
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