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Light-driven electronic excitationis a cornerstone for energy and information
transfer. In the interaction of intense and ultrafast light fields with solids, electrons
may be excited irreversibly, or transiently during illumination only. As the transient
electron population cannot be observed after the light pulse is gone, it is referred to as
virtual, whereas the population that remains excited is called real* . Virtual charge
carriers have recently been associated with high-harmonic generation and transient
absorption®®, but photocurrent generation may stem from real as well as virtual
charge carriers® ™. However, a link between the generation of the carrier types and
theirimportance for observables of technological relevance is missing. Here we show
thatreal and virtual charge carriers can be excited and disentangled in the optical
generation of currents in agold—graphene-gold heterostructure using few-cycle laser
pulses. Depending on the waveform used for photoexcitation, real carriers receive net
momentum and propagate to the gold electrodes, whereas virtual carriers generate a
polarization response read out at the gold-graphene interfaces. On the basis of these

insights, we further demonstrate a proof of concept of alogic gate for future
lightwave electronics. Our results offer a direct means to monitor and excite real and
virtual charge carriers. Individual control over each type of carrier will markedly
increase the integrated-circuit design space and bring petahertz signal processing

closer toreality™.

Advancesinlaser technology propelled ultrafast strong-field manipula-
tion of electronsinsolids”. This enabled the injection of charge carriers
inlarge-bandgap dielectrics, where the potential of virtual carriers for
highly reversible electronic switching at optical frequencies hasbeen
demonstrated®**", More recently, the investigation of semiconduc-
tors and Dirac materials has relaxed the requirements on lasers for
transient charge control and, furthermore, has addressed spin, valley
and topological control®'%82, In these materials, the interplay of real
and virtual charge carriers becomes increasingly important and has
been obscured until now. Using these insights, we demonstrate here
that the combined excitation of both carrier typesin graphene brings
light-field-driven logic switching in reach.

We use asymmetric heterostructure withgraphene asa photoactive
material coupled to two gold electrodes (Fig. 1b) to disentangle real
and virtual carriers in the optical generation of currents. As shown in
Fig.1a, a strong laser pulse acting on the graphene coherently drives
intraband motion of electrons in their particular bands at optical fre-
quencies (solid blue arrows) and simultaneously excites electrons from
the valence band to the conduction band (dashed blue arrow). The
intraband dynamics is solely determined by the shape in time ¢ of the
vector potential A(t) = —j‘; E (¢’)dt’ (blue waveform) associated with
the driving optical field £(¢) (red waveform)". Interband transitionsin
the form of nonlinear Landau-Zener tunnelling events are strongly

enhanced close to the K points*?2, Therefore, the interband excitation
depends sensitively on the trajectory an electron undergoes. In their
excitation, real and virtual charge carriers are not distinguished by the
laser pulse. However, depending on the symmetry of the driving wave-
form, the two types of carrier may resultin anet momentum after the
pulse is gone or a net polarization during the pulse.

Real charge carriers contribute to aresidual currentif the light field
imprints anetmomentumto them. Hence, we consider theinteraction
in momentum space. Net momentum is maximized when the vector
potential A(¢) has the largest difference in magnitude for positive and
negative amplitudes (Fig. 1a, blue waveform). Carriers starting left
andright of the K points experience a different excitation probability,
leading to anasymmetric band population (Fig. 1a, red spheres)?. The
corresponding E(t) is antisymmetric (Fig. 1a, red waveform) resulting in
acarrier-envelope phase (CEP) of the pulse of ¢ = +11/2 (Extended Data
Fig.1). Real carriers with net momentum travel through the graphene
and generate a measurable residual current. For a CEP of 0 and 1, the
vector potential is antisymmetric, thus no net momentumisinjected.

By contrast, virtual charge carriers can also contribute to a net cur-
rentby generating a net polarization. Although virtual charge carriers
disappear after the light-matter interaction, they canstill be detected
as anet current, provided that their distinctive behaviour is not sub-
stantially changed by the measurement. Here they are probed at the
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Fig.1|Role ofreal and virtual charge carriersin current generation. a, For
@ = m/2and by virtue of the nonlinearity of the interband transition, valence
band electrons are excited to the conduction band, and the different
magnitudes for positive and negative field amplitudes of the vector potential
A(¢t) (blue waveform) break the residual population symmetry (red spheres) in
momentum space, resulting in net momentum after the laser pulse is gone.

b, Inturn, for ¢ = [0, 1], E(¢) (red waveform) has different magnitudes for
positive and negative fieldamplitudes and, thus, generates asymmetry in the
real-space electrondistribution with respect to the gold-grapheneinterfaces
duringthe pulse. This asymmetry leads to a net polarization, whichis probed
viathegold electrodes that capture transiently deflected carriers, asindicated
by the chained sphere. We assign residual currents that peak at ¢ = +11/2 as
arising fromreal carriers and currents that peak at @ = [0, t] from virtual

carriers. Thus, inthe experiment, the CEP dependence allows adecomposition
ofthe photo-responseinto real and virtual carrier contributions.
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gold-grapheneinterfaces where transiently displaced charges are sepa-
rated and rectified to formanet current during the laser pulse (Fig. 1b)".
Assupported by our simulations (Fig. 3), the electrode interfaces serve
as anideal probe to detect virtual carriers electrically. Those carriers
that are captured lose their virtual nature and become real (Fig. 1b,
chainedred sphere). Asthese carriers are localized in the vicinity of the

electrodes, areal-space representationis appropriate. Net polarization
is maximized when the driving optical field £(¢) is maximized for one
half-cycle, thatis, for ¢ = [0, ] (Fig. 1b, red waveform). For an antisym-
metric optical field (¢ = +11/2), the charge carriers experience equal
trajectories towards both electrodes (left and right) and consequently
the net polarizationis zero.

Strikingly, the two contributions, real carriers with net momentum
and virtual carriers with net polarization, are maximized for orthogo-
nal CEPs shifted by 11/2, as net momentum is governed by a waveform
symmetry of the vector potential, whereas net polarization is deter-
mined by a corresponding symmetry in the electric field. Therefore,
the measured current response for different CEPs serves as a ‘smoking
gun’ experiment to identify and control the impact of real and virtual
charge carriers in the current-generation process.

To experimentally disentangle real and virtual charge carriers, we
thus measure the amplitude and phase of the residual CEP-dependent
current induced by CEP-stable 6-fs near-infrared laser pulses in
monolayer graphene contacted to two gold electrodes using a
dual-phaselock-in scheme. With thelock-inscheme, the CEP-dependent
currentisisolated from a CEP-independent photocurrent background.
Importantly, graphene itself exhibits a CEP-dependent current
response, which we use as an absolute gauge of the CEP in our meas-
urements'®?, We focus the laser pulses tightly (1.8 um 1/€? intensity
radius) to the centre of the structure to avoid any spatial symmetry
breaking. Details of the setup and measurements are given in Methods,
Extended Data Figs. 2, 3.

Figure 2 shows the full phase and amplitude information of the
measured CEP-dependent current for three different graphene strip
lengthsof L =5pum,L =2 pmandL =1pum, allwithawidth of 1.8 pm. We
choose these particular strip lengths because they allow us to investi-
gatetherole ofthe gold electrodes in probing the virtual carriers. For
L =5pm, thelaser focus hardlyilluminates the gold electrodes, thus
therole of interface-prone virtual carriersinthe current-generation
process becomes less important. For L =1 pm, the gold-graphene
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Fig.2|Measured phase-resolved CEP-dependent current for graphene
striplengthsL = 5 pm,L = 2 pmandL = 1 pm. Thegold-graphene-gold
heterostructuresshown at the top are illuminated with a Gaussian laser spot
(1.8 um1/e’intensity radius) placed in the centre of each structure and
indicated by the red circles. Below, the radius of the polar plots corresponds to
E,, whichincreasesfrom0t02.5Vnm™, whereas the polarangle encodes @ ;.
The colour coding represents the measured CEP-dependent current.a, The
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contactelectrodes separated with L =5 pmare hardly illuminated.

b, c, Decreasing the graphene strip lengthtoL =2 pm(b) and L =1 um (c) results
inanadditional current contribution that peaks at ¢ = 0, t. The green arrows
point towards the maximum current. The bottom plots show the currents
projected along the [0, ] axis and the [+1t/2] axis as a function of E. Error bars
indicate the standard deviation.
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Fig.3|Charge transfer simulations for gold-graphene-gold
heterostructures (TD-NEGF). a, b, Charge transfer dynamics for a CEP of
@c="1/2(a)and @ =0 (b) ingraphenesstrips of different lengths, asindicated.
Thelaser pulsewithE,=2.3Vnm™iscentredat¢=0.Insetina: extended time
evolutionrevealing the net charge transfer after momentum relaxation. Inset
inb:schematic of the heterostructure withlength L (21 nm, 42 nmand 85 nm)
and afixed width of 5.2 nm. Charge transfer between graphene and the
electrodesis modelled witharate//Awith/'=0.1eV.

interfaces are close to the point of maximum field strength, hence the
contribution of the virtual carriers may be expected to be dominant
(Fig. 2a versus Fig. 2c). L =2 um lies between the two extreme cases
(Fig.2b).Inthe polar plots, the radius corresponds to the peak optical
field strength E,, increasing up to 2.5V nm™, and the angle encodes
the CEP. The bottom panels show line-outs of the currents for a CEP
of -m/2 and .

InFig.2a, the case of a5-umgraphene strip, a CEP of +m/2 induces the
largest current response with astrongly nonlinear increase starting to
becomesignificantat1.8 V nm™. This currentisastrongindicator for net
momentum injection based on real carriers, as previously reported™.
For the maximum applied electric field strength of £,=2.5V nm™, the
current reaches 27 + 2 pA. In contrast, no net current is driven with a
CEP of 0 and 1, even for the highest field strengths. We note that for
longer graphene strips (L >10 pm) this phase dependence remains
unchanged?®.

Reducing the distance of the metal electrodes to 2 pm (Fig. 2b) and
1pum (Fig. 2¢) results in illumination of the gold-graphene interfaces.
We observe that the green arrows in the polar plots, pointing towards
the maximum current, rotate anticlockwise towards @ = 1. In the
projections for the 2-umstrip (Fig. 2b), the current driven by ¢ = -1/2
reaches amaximum value of 51+ 2 pAfor 2.5V nm™. Strikingly, asecond
current contribution emerges for ¢ = mand reaches asimilar value of
43 + 5 pA. For agraphene strip with L =1 um (Fig. 2c), the @ =T cur-
rent contribution even dominates over the -1/2 response. The -11/2
currentagainsettlesat42 + 4 pA, whereas the current driven by ¢ = 0
strongly increasesto 94 + 4 pA. The currentis maximum for ¢ = 0.9
(Fig.2c, green arrow).

To support the dominating role of virtual carriers for small L
and its peaking response for ¢ = [0, 1t], we perform real-space
time-dependent non-equilibrium Green’s function (TD-NEGF) simu-
lations®* of the laser-induced electronic transport along metal-gra-
phene-metal nanostructures (see Methods for details). We used
5.2nm x L graphene strips of varying lengths L =21 nm, L =42 nmand
L =85nm.Theterminal carbon atoms are connected to the metallic con-
tactsand permit charge exchange between the graphene and the metal
contacts at arate I/h, with an effective coupling '=0.1eV and A the
reduced Planck's constant (Fig. 3b, inset). Thus, the model explicitly
takes intoaccountthe crucial role of the metal-grapheneinterfacesin
probing and collecting carrierslocalized at the graphene-strip bounda-
ries. We choose a Gaussian laser pulse with aduration of 6 fs (full-width
at half-maximum (FWHM)) and acentral photon energy of 1.5 eV, match-
ing the experimental conditions. The electric field strength is chosen
t02.3Vnm™, where significant current generation is observed in the
experiment (Fig. 2).

Figure 3 shows the resulting temporal evolution of the charge Qtrans-
ferred across the heterostructure. For ¢ = 11/2 (Fig. 3a), right after the
pulse, nonet charge transfer across the graphene strip is observed. In
turn, whenthe laser pulseis gone, the charge collected by the electrodes
startstoincrease asreal carriers, launched withnet momentum, reach
theelectrodes. Part of the charge carriersis scattered back at the metal
interfaces after several tens of femtoseconds, leading to oscillationsin
the transferred charge. The net charge transfer settles at Q(t > «) # 0
after the current flow has decayed on a timescale of about 100 fs, con-
sistent with previous literature®?® (see inset of Fig. 3a and Methods for
details). The momentum magnitude, that is, the initial slope of Q, is
governed by the optical waveform only, whereas the net charge transfer
increases withgraphene strip length as the photoactive areaincreases.

By contrast, for ¢ = O (Fig. 3b), the amount of collected charges
settles at Q(¢ > «) =—0.04¢ (e is the elementary charge), immedi-
ately after the laser pulse is gone, in quantitative agreement with the
experiment (Methods). This net charge transfer is equal to the polari-
zation build-up of displaced charges during the laser pulse; hence, it
stems directly from virtual charge carriers captured at the interfaces.
As expected for an interface effect, this contribution is independent
of the graphene strip length.

The transfer of the identified temporal symmetries of the laser pulses
to the system alludes to the existence of a general principle, akin to
those that have beenidentified for periodic driving”. Moreover, as the
transient charge dynamics occurs on atimescale faster than electronic
dephasing, the CEP dependence and the direction of macroscopic
charge transfer are preserved®*?**°, See Methods for details on the
phenomenological dephasingincorporatedin the simulations shown
inFig. 3.

In agreement with the simulations, for the large graphene strip
length (L =5 pm), the contribution of real carriers dominates the
CEP-dependent current and makes it peak at ¢ = +11/2. As the strip
length is decreased and the laser focus illuminates the entire length,
the interfaces start to probe virtual carriers efficiently, leading to a
transition of the maximum current to ¢ = [0, t]. Thus, the simula-
tions fully explain our experimentally observed phase shifts. Further
numerical analysis of the population dynamics in graphene identify-
ing the distinct roles of real and virtual carriers in the charge transfer
isgiven in Methods.

The magnitude of the observed 1/2 current is determined by the
photoactive areain the graphene and is influenced by phonon and
impurity scattering of the charge carriers during propagation to the
electrodes®?.. The larger the photoactive area, the larger the current
(Fig. 3a). However, in the experiments, as the graphene strip length
increases, the /2 current decreases, probably because of charge scat-
tering®.

Both real and virtual charge carriers are of utmost importance in
the optical control of electrons. Excitation of virtual carriers is the
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Fig.4 |Petahertzlogicgate.a, Twolaser pulsesinduce currents viareal

(A, bulkgraphene) and virtual (B, interface) carriers. Their respective CEPs
@,and @ aresetbyarelative phase A, controlled by the SiO, thickness

Ad of awedge pair passed by pulse 4; in addition, both CEPs are modulated by a
carrier-envelope offset frequency (not shown; Methods). ¢, and ¢ determine
theresulting currentand thus the logic outputlevel Y. This way, the structure
may operate as alogic NOR gate, for instance (right). b, Measured
CEP-dependent current (blue data points) as afunction of Ag... Amodel
simulation (blue line) almost perfectly matches the obtained currents. The four
insets depictthe net currentinduced by the two laser pulses as required for the
operationofalogic NORgate: greenarrow to theright (left) depicts a positive
(negative) current, whereas agreen ring means zero current. We note that the
currentshown herereflects the direct output of the measurement scheme
used (dual-phase lock-in amplification; Methods), thatis, the root-mean-square
value of an alternating current; its particular signis shownin Extended Data
Fig.4.Errorbarsindicate the standard deviation. ¢, Truth table for operation of
alogicNORgate. We assign a positive currentlargerthan+2 pAtoalogicl
whereas asmaller (or negative) currentis assigned to 0. Other types of logic
gate (for example, AND, OR and NAND) can be straightforwardly obtained by
changing the values of ¢, and ¢, (Extended DataFig.5).

key for generating reversible currents on subcycle timescales of the
laser field®>*>**, In addition, the generation of real carriers with net
momentum is a result of interfering quantum pathways'>**. Thus,
real carriers may offer a unique platform to exploit the transient
quantum-mechanical phase evolution of electrons for signal processing
before they are probed by the electrodes. Hence, the understanding
of both carrier types may be utilized in designing future petahertz
circuit architecture, with a much larger design space available than
with one carrier type only.

We show this with a concrete example in Fig. 4a, where we demon-
strate the proof of concept for a logic gate relying on real and virtual
charge carriers. Pulse A, focused to the centre of the gold-graphene-
gold heterostructure, may inject real carriers that propagate towards
the gold-grapheneinterfaceilluminated by pulse B. Pulse Bis synchro-
nized to the arrival of the currentinjected by pulse A and may control
asecond current component by virtual carriers at that interface. The
essence of the logic gate is to encode bits into the CEP of the two laser
pulses A (¢,) and B (@) and have the system sum up the resulting current
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contributions. The total current carries the desired logic output Y. If
the currentislarger than +2 pA, we assignitto Y=1,else Y=0.

Figure 4b shows the CEP-dependent current as a function of the
relative phase A = @, — @, Whichis controlled by changing the thick-
ness Ad of silicon dioxide (SiO,) passed by pulse A. A peak optical field
strength of 2.3V nm™is employed for both pulses. On the basis of the
excellentagreement between the measured current and amodel simu-
lation (blue line, see Methods for details), we can infer the individual
current components injected by pulse A and pulse B (Fig. 4b, insets).

We can now pick four scenarios of incident CEPs ¢, and ¢ as speci-
fied in the truth table (Fig. 4c, Fig. 4b, insets) to design a NOR gate.
In the first case (A = 0 and @, = @,= +11/2, first line in Fig. 4c), pulse
Ainjects a net current based on real carriers into the right electrode,
whereas the generation of net current due to virtual carriers by pulse
Bis absent. For these CEPs, we obtain +4 pA in the experiment, hence
Y=1.Inthe second case (A@ = +11/2), both pulses induce currents in
opposite direction, leading to a cancellation of currents. We find in
the experiment a total current of +1 pA only, hence Y = 0. Third, for
A@=mandasinthefirstcase, @zis chosennotto exciteanetcurrent
attheinterface whereas ¢, is flipped to -T/2 to inject a net current to
the left electrode. The measurement yields —4 pA, so a current, butin
oppositedirection, hence, again, Y= 0 (see comment on the sign of the
currentinFig.4b caption).Finally, for A@ =-1/2 (¢, =-1/2and ¢; = 0),
bothlaser pulsesinject currents along the same (negative) direction,
resulting in a total current of =6 pA, hence Y = 0 again. This series of
currents with their respective logic input pairs clearly resultsinaNOR
logic gate with ¢, and ¢, assigned to logicinputs O and 1.

Ultimately, the CEP may be superseded by trains of successive opti-
cal cycles A and Bwith appropriately shaped waveforms, pushing the
bandwidth of the gate to its fundamental limit, the frequency of light™.
Moreover, the use of real carriers may enable efficient switching by uti-
lizing the electron momentum imparted by asingle pulse A for several
subsequent operations controlled by a sequence of pulses B. Hence,
energy consumption can be reduced by algorithmic optimization®®.
lllumination via nearfield or plasmonic confinement, or the use of opti-
calwaveguides, could reduce the gate footprint to the nanometre size,
similar to the size of today’s transistors'; a scale at which our charge
transport simulations prove that the mechanisms continue to work.
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Methods

Sample fabrication and characterization

Monolayer graphene is epitaxially grown from a 4H silicon carbide
(SiC) substrate. Hallmeasurementsyield a free carrier concentration of
n=(8.0+0.9) x102 cm™, whichimplies a Fermilevel at &, = 0.3 eV above
the Dirac point, and amobility of u = (860 = 60) cm? V' s'is obtained.
Hence, the momentum relaxation time of thermalized carrierscanbe
estimated as 26 fsfrom the Drude model. Scanning electron microscopy
inspection and Raman spectroscopy confirm the growth of monolayer
graphene (see Extended Data Fig. 6 for details)***. Graphene s particu-
larly well suited to carry CEP-dependent currents asit is conducting, has
abroadband optical response and avoids optical propagation effects
owingtoits two-dimensional nature®, Gold electrodes with a thickness
of 30 nmare deposited with a5-nm titanium adhesive layer. Graphene
strips with varying lengths of 1 um, 2 pm and 5 pm are fabricated via
electron beam lithography and subsequent oxygen plasma etching.
Electrical contacting from the gold electrodes to a chip carrier is pro-
vided via aluminiumwire bonding. A scanning electron micrograph of
the heterostructures is shown in Extended Data Fig. 2a.

Experimental details

Allmeasurements are performed under vacuum conditions (1x 10" hPa)
at room temperature. CEP-stable 6-fs laser pulses are obtained from
a titanium:sapphire laser oscillator with a centre photon energy of
1.5 eV and arepetition rate of 80 MHz. The polarization of the opti-
calfield is parallel to the graphene strip. Currents injected into the
electrodes are amplified with two transimpedance amplifiers. The
CEP-dependent currentis measured with a dual-phase lock-in amplifier
atacarrier-envelope-offset frequency of f.;, = 3.3 kHz, whichis used as
thelock-inreference (Extended Data Fig. 2b). With this technique, we
have fullinformation about the current amplitude/and phase 8, which
equals the CEP of the exciting pulses up to an arbitrary phase offset.

We calibrate this phase offset by measuring the CEP-dependent
current on the 5-pm graphene strip. On the basis of symmetry argu-
ments'® and numerical simulations®, the current is maximized for
0 =@ = +m/2. With knowledge of this relation, we can disentangle
components .., =J sin(@¢) andj, =/ cos(@) to determine the
current generated at the interfaces via virtual carriers and the bulk
current contribution (real carriers). Higher-order harmonics of the
lock-inreference frequency are not observed in the current, indicat-
ing that for all scenarios, the phase response of the current follows
the CEP linearly.

For allmeasurements, the laser is focused with an off-axis parabolic
mirror to a spot in the centre of the graphene strip. This centre posi-
tion is determined by nulling the total photocurrent, which may be
generated owing to photo-thermoelectric and built-in electrostatic
potentials at the metal-graphene interfaces (Extended Data Fig. 2a,
insets)*®*. We note that the readout of virtual charge carriers is spa-
tially not limited to the atomically sharp gold-graphene interfaces
but may extend over the few 100-nm decay length of the photovoltaic
and photo-thermoelectric contact potentials*>*, In the photocurrent
maps of Extended Data Fig. 2a, these potentials become visible in the
generation of the total current whereas the resolution is limited by
the focus size.

Potentially, a CEP-dependent current could result from a small
CEP dependence of photo-thermoelectric or photovoltaic currents.
To rule this out, we compare the scaling of the total photocurrent as
afunction of incident field strength with that of the CEP-dependent
current (Extended Data Fig. 3). Analysing the currents by linear fits
inadouble-logarithmic representation (Extended Data Fig. 3, insets)
shows that the total current scales approximately quadratically with
field strength (thatis, linear with power, compare with ref.*) whereas
the CEP-dependent current scales with a substantially higher nonlin-
earity of about five. From the different scaling, we conclude that the

two current components originate from different mechanisms, that s,
photo-thermoelectric and photovoltaic versus field driven.

Each data point shown in Fig. 2 is recorded with a 1-s time constant
andintegrated for 30 s; the data pointsshowninFig. 4b are integrated
for 7 s. Slow phase fluctuations on the order of seconds are recorded
with an out-of-loop f-2finterferometer. The phase of the measured
currentis corrected for slow CEP drifts.

Near-field effects

On the surface of the graphene, the vacuum optical field strength is
reduced by a factor 2/(1 + ng;c) owing to the dielectric polarization
response of the SiC substrate underneath. ng,c = 2.6 is the refractive
index of SiC at the laser centre wavelength. The electric field strength
E, givenin this paper includes this factor.

Onthe basis of finite-difference time-domain simulations, we identify
theimpact of opticalfield distortions in the presence of the gold elec-
trodes. Forastructure length of1 um, the electrodes areilluminated as
welland, thus, the optical field onthe grapheneis enhanced by afactor
of up to 2in the vicinity to the interfaces (Extended Data Fig. 7b). The
near-field enhancement decays on alength scale of less than 50 nm.
Simultaneously, we observe that the CEP that arrives at the graphene
surfaceis shifted by A = 0.4min the same range, compared with the
case without illumination of the electrodes (Extended Data Fig. 7c).

Although our experiments directly rely on the detection of a CEP
response, we note that both the near-field enhancement and the
near-field shift in the CEP do not have substantial influence on the
outcome of our experiments. In the measurements shown in Fig. 2,
weobserve the onset of acurrentat £, = 1.8 V nm™, regardless of the
junctionsize and the CEP component. Taking into account the field
enhancement by a factor of 2 derived for the 1-um heterostructure
(Fig. 2c), the graphene in the vicinity of the electrodes experiences
afield strength of 1.8 Vnm™already for £, ~ 0.9 Vnm™. In particular,
for the interface-prone [0, t] current, a near-field-induced shift
of the current onset towards lower field strength is not observed.
As we do not observe such a shiftin the current onset, we conclude
that the collective excitation of the electron density throughout
the graphene strip dominates the current response. Consequently,
the same applies to the local shift of the CEP, which therefore can
be neglected.

Tofurther rule out the influence of near-field-induced CEP shifts, we
measure the CEP-dependent current as afunction of the focus position
(Extended DataFig. 8). The focusis moved across a 5-um-long graphene
stripfromoneto the other electrode on an axis centred to the graphene
stripwidth.j.,, peaksin the centre of the graphene strip, and because
the electrodes are not illuminated here, we assign this current to real
carriers. In contrast, j, . is zero in the centre. When the focus position
is scanned from one to the other electrode, the current shows peaks,
most importantly with current flow to opposite directions. Hence,
this current component is sensitive to a real-space broken symmetry
intheilluminated region, given here by the gold-grapheneinterfaces.
Inaccordance with the measurements shownin Fig. 2, we assignj, . to
virtual carriers. Itis noted that the small strip lengths showninFig.2b, ¢
yield a currentji, . even under illumination in the centre because the
symmetry breaking with respect to the electrodes is introduced by
the waveform only.

In the following, we discuss what we would expect in case of a
dominating near-field-induced CEP shift. First, we assume that the
currents originate from real carriers only. Although in the centre no
near-field-induced CEP shiftis observed, real carriers at the electrodes
experience a CEP shifted by Ag; = 0.41 = 1t/2. Importantly, the sign
of the phase shift is equal at both electrodes. It can therefore explain
acurrent component inj,  due to real carriers but not the different
current signs towards the left and right electrodes.

Second, weassumethat realand virtual charge carriers are excited. With
A included, we expect currents due torealand virtual charge carriersto



appearatthesamelock-inphase. Thereal carrier currentj..,, is unaffected
whereas, under theinfluence of the electrode near-field, the virtual carrier
currentbecomesj, . =/ cos(@c + A@ce) = -/ sin(@). Hence, inthe lock-in
measurement, thetwo types of carrier would beindistinguishable onthe
basis of their CEP dependence. Again, we conclude that the influence of
the near-field on the observed currents is negligible as Extended Data
Fig. 8 does not reproduce the discussed behaviour.

We note that an analysis of the underlying microscopic charge
dynamics in the presence of such a spatially varying field is beyond
the state of the art of computational methods and we therefore conduct
all simulations under electric dipole approximation.

To exclude electron emission from the metal electrodes under the
presence of the enhanced field as asource for the CEP-dependent cur-
rent, we remove graphene between the gold electrodes and perform
the same measurements. For up to £,=2.5V nm™, no measurable
CEP-dependent current is obtained between two electrodes.

Hamiltonian
The Hamiltonian for the metal-graphene-metal junction is given by

H(t) = Hs(t) + HM(t) + HSM(t). (1)

where Hy(t) describes the Hamiltonian for graphene, H,,(¢t) that of the
metals and Hyy(£) the metal-graphene interactions. The graphene is
modelled as a zigzag graphene nanoribbon (GNR), 22 carbon atoms
wide (5.2 nm)and 200,400 or 800 carbonatoms (21,42 or 85 nm) long.
This nanoribbon is chosen because of its zero bandgap and because
its density of statesis large enough to model bulk behaviour. The GNR
anditsinteractionwithlightin the dipole approximationis described
by the well known tight-binding Hamiltonian for graphene

Hy(t) = rZ(&wa a)+|e|2£(t) r(da,-1)
<)
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where g; (4]) and b (b ;) are the fermionic annihilation (creation)
operators for the two carbon atomsineach unitcell, with tight-binding
coupling =-3.0 eV, (ij) denotes a sum over nearest neighbours,
andr;is the position of the carbon atomj. The three nearest neighbours
of a glven carbon atom are separated by vectors dl— —=X,
3 3
d,;= ( X+ Ty) with lattice constant a=2.46 A, where X is a unit
vector along the direction of junction growth and y is a unit vector
perpendicular. For the electric field E(t), a Gaussian pulse as depicted
in Extended Data Fig. 1is used.

The metal contacts are described by the Hamiltonian Hy=
Ya-LR 2q a a g where a, ganda, ,are the fermionic operators
forthe metal states ofenergy gm, where a=Lora=Rdenotestheleft
or right contact, respectively, and g is a label for the electronic states
in the metal. The metals are taken to be at thermal equilibrium at a
temperature of 7=300 Kand their interaction with the GNR to be well
described in the wide band limit (WBL). We suppose that only the unit
cells of the edges of the GNR couple to its adjacent metal contact, that is,
Hon= (2 geri VAl (@1 +6,.) + 3 ger o VRaL , (. + B ;) + H.c.), where
thelabel ' (/') runs over carbonatomsin thetermmal umt cellsadjacent
to the left (right) contact and H.c. denotes Hermitian conjugate. The
effective coupling between the GNR and the metal contact ais specified
by the spectral density I(g) = 2 24l Vf,’lzé‘(s ~E4) which, ingeneral,
depends on the energy ¢ (here 6(¢) is the Dirac delta function). In the
WBL, the metal- graphene electronic coupling elements V“ and the
metal density of states n=} , 6(e - sa q) are assumed to be energy
independent, and therefore I, = 271|l/“| n%isalsoenergyindependent.
The quantity [/h determines the rate of charge exchange between the
GNR and the contacts.

In the simulations, we take I', =, = 0.1 eV, which compares well to
the current magnitudes we obtain in the experiment. For L =1 pum
and £,=2.3 Vnm™, we measure an average current of /,,, = 50 pAatan
80-MHz repetition rate, when the CEPis set to [0, 1t] (Fig. 2c). We note
that for L =1pm, the electric field strength across the graphene strip
is approximately constant (Extended Data Fig. 7b) and, thus, this case
is most appropriate for comparison. With identical optical param-
eters in the simulation, we obtain Q(t ~> «) = —0.04¢ per pulse (equal
to/,, = 0.51 pA atan 80-MHz repetition rate) for a GNR with a width
of 5.2 nm and independently of its length (Fig. 3b). Utilizing a linear
scaling of the transferred charge as a function of the graphene strip
width and the coupling "and takinginto account focal averaging over
the intensity profile given in the experiment, the simulation matches
perfectly the experiment for I'= 0.4 eV. Therefore, we conclude that
=0.1eVasusedin the simulations shown in Fig. 3 assumes a reason-
able quantitative coupling.

Quantum dynamics

The Hamiltonian of graphene (equation (2)) is an effective single-par-
ticle Hamiltonian of the form Hy(£) =}, hvﬂ(t)cﬂ&ﬂ where di createsa
Fermion in a single-particle state of graphene [v) and h,, is the corre-
sponding single-electron Fock matrix. As such, its electronic properties
are completely determined by the single-particle reduced density
matrix pvﬂ(t) = (d‘T,dI). The laser-induced dynamics of the GNR in the
junctionwas obtained by solving the Liouville von Neumann equation
for p,, using the NEGF method developed by Chen and co-workers**#.
In this method, in the junction region p,, () satisfies

p (0 =@y, H(OD - ¥ (9,0 - 9(0), 3)

where the first term quantifies the unitary dynamics while the g, (¢)
andg; T(¢)are auxiliary density matrices thatincorporate charge injec-

tion and subtraction by the metallic contactsinto the GNR. Chen and
co-workers**** developed a computational efficient set of equations
(equations (3), (12) and (14) in ref. >*) to capture time-dependent trans-
port by invoking the WBL and a Padé expansion of the Fermi-Dirac
distribution function. The Padé expansion allows for analytically
solving the energy integrals that appear in the definition of the
self-energies. Here, we use 50 Padé functions for the expansion for
representing the metal contacts, a time step of At=0.003 fs for the
integration using the Runge-Kutta method of order four, and a Fermi
energy & = 0 right at the Dirac cone. All numerical parameters were
checked for convergence.

Numerically capturing the experimental dynamics by solving the
Liouville von Neuman equation in real space requires using long
GNR models with 10>-10° atoms. To keep the computations numeri-
cally tractable but still capture an experimentally relevant density of
states, we consider the Hilbert space of the GNRin the energy range of
0.2-1.3 eV only. This region captures most of the Dirac cone where the
light-driven dynamics is expected to occur. This truncation was per-
formed by unitary transforming the GNR Hamiltonian and the coupling
to the leads to the energy eigenbasis of the pristine GNR. This Hilbert
space truncationinfluences the magnitude of the effect but leaves the
basic qualitative features of the dynamics intact.

To phenomenologically incorporate dephasing effectsinthe dynam-
ics, we express equation (3) in the single-particle energy eigenbasis of
pristine graphene{|e)}

dpggm ([ala, Hy O] - Z(qa(t) ple) - n—pgg(r)(l 5.e)r (4)

andintroduce terms that dynamically force the off-diagonal elements
ofthe density matrix .. (D1 Z(e#&)to decayinacharacteristic time-
scale T,. Dephasing may be introduced by electron-electron or phonon
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interactionas well as scattering at lattice defects that emerge typically
on10 fs to 100 fs (refs. 2244 For dephasing in graphene, a lower
boundary of 22 fs was obtained from two-colour current injection®.
Onthe basis of these results, we choose T, =20 fs.

Theaverage current ﬂowmg through the GNRis /(¢) = (I(¢6) - 1.(0))/2,
where [,(t) = Ieldt 2q (aa 4da,g> is the current enteringinto lead a.
Aphenomenological relaxatlon ofthecurrent/(t > 0) isintroduced by
an exponential decay. It accounts for momentum relaxation through
carrier thermalization (about 50 fs)>*"*8, and phonon and defect scat-
tering (about 26 fs; see ‘Sample fabrication and characterization’)
restricting ballistic transport to few tens of femtoseconds. We note
that for a larger system size approaching the experimental one and
thereby surpassing the length scale of ballistic transport, charge oscil-
lations as observed in Fig. 3a owing to interfacial reflections of ballistic
carriers will disappear. Subsequent diffusive charge transport of bal-
listically displaced carriers is limited by cooling via carrier-phonon
interaction with optical phonons (about 100 fs) and acoustic phonons
(about 0.7 ps)**. Following these timescales, we apply a100-fs expo-
nential decay to the current. Laser-induced symmetry breaking is
monitored by quantifying the net transferred charge at a given time ¢

Q0 :J" 1(t)dr. (5)

Thesimulations are performed at the Center for Integrated Research
Computing at the University of Rochester where they require a com-
puting time of up to eight days per trace. Larger graphene structures,
as used in the experiments, are beyond state-of-the-art resources as
the computational effort increases exponentially with system size.

Population dynamics

To isolate the distinct role of real and virtual charge carriers to the
charges obtained from our simulation, we simplify the above model
system to the tight-binding Hamiltonian Hy(¢) (equation (2)) only?-*.
The graphene is modelled by two bands representing the valence band
(VB) £,(k) and the conduction band (CB) £_(k). k denotes the wave vector
inmomentum space. We model the light-matter interactionby solving
the time-dependent Schrédinger equation (TDSE) inlength gauge. For
the optical field, we use Gaussian pulses as shown in Extended Data
Fig.1. The intraband currentis computed as

mtra(t) e z j U:(m)p(m)(t)

m=CB,VB

(2 )2 ’ (6)

10e4(k)

with the electron velocity v, T and the electron population
l((’”) (¢). The integral is taken over the Brillouin zone (BZ). The trans-

ferred charge Q(t) is obtained according to equation (5).

In Extended Data Fig. 9, the charge transfer is shown for ¢ = 11/2
(Extended Data Fig. 9a) and ¢ = 0 (Extended Data Fig. 9b). Both
curves show good qualitative agreement with the results obtained
fromthe full real-space simulation (Fig.3) and reproduce the crucial
CEP dependence: the transient charge oscillations appear and are even
more pronounced, as they are not damped by the electrode coupling
. For @ =1/2 (Extended Data Fig. 9a), the slope of Q reflects the
momentum of ballistically launched charge carriers. However, here
the slope is one order of magnitude larger compared with Fig. 3a,
as only the graphene is considered in the model; consequently, the
initial momentum is unimpaired by dephasing, electrode coupling
and interfacial reflections, and augmented by the bulk nature of this
graphene model. In good quantitative agreement with the full simula-
tion (Fig.3b), we obtain a net charge displacement of Q(t > «) =-0.03e
for @ = 0 after the pulse is gone (Extended Data Fig. 9b). When the
translational symmetry of the graphene lattice is broken by electrodes
attachedto thegraphene, the net charge displacement can be probed
asacurrent (Fig. 3b).

(m)_h

Any population imbalance is identified by taking the population
difference driven by fields of opposite CEP, Ap(’"’ —p(’")(t P~

(’")(t @cg + 1) (m=CBor m=VB). We then define the ndrmalized
populatlon that effectively contributes to acharge transfer by weight-
ing it with the absolute opri(’:)’)(t) and p{™:

J‘ |U(m) (m)(t) |p(m)(t)dk

7
J‘ |U(m)|dk @)

IXGENED)

m=CB,VB

The denominator normalizes p, by the total number of states avail-
ableinthe BZ, again weighted with the electron velocity uf(’").

Extended Data Fig. 9c, d shows the normalized population p,as a
function of time. Clearly, for ¢ = 0, p, manifestsitself to be virtual only
asitreturns completely back to zero after the pulse is gone (Extended
Data Fig. 9d). Also, for ¢ = 1/2, a substantial virtual population is
excited (Extended Data Fig. 9c). However, owing to the symmetry of
the driving field no net polarization is induced by this virtual popula-
tion (see also Fig. 3b). In turn, the linear increase of Q after the pulse,
shownin Extended DataFig.9a,is duetoaresidual and, therefore, real
population of conduction band states (Extended Data Fig. 9¢, inset).

Two-pulse scheme and reconstruction of logic gates

To generate two pulsed laser beams, the incoming beam is fed into a
dispersion-balanced Michelsoninterferometer where two pulsed beam
copies (A and B) are generated (Extended Data Fig. 10). A pair of SiO,
wedges in the interferometer arm A is used to control the relative CEP
between thetwo laser pulses. The end mirror of interferometer arm Bis
detunedsuchthatbothlaser pulsesleave theinterferometer collinearly
up to asmall angle. Subsequent focusing of the laser pulses with an
off-axis parabolic mirror results in aseparation of the foci of pulse A and
pulse Bby 2.5 um (Extended DataFig. 10, microscope image). Pulse Ais
placed on the centre of a5 x 1.8 pm?graphene strip to drive a ballistic
currentby real charge carriers only, whereas pulse Billuminates one of
the gold-grapheneinterfaces, where currentisinjected predominantly
by virtual charge carriers. A temporal delay of approximately 85 fs
(A before B) is introduced by the interferometer to deploy a ballistic
current by pulse A reasonably before it is transiently switched by one
(or more) pulses B. We note that, here, currents were measured with an
integration time of 7 s; therefore, the observed current is insensitive
to the temporal delay between laser pulse A and pulse B.

To construct alogic gate with logic levels of the inputs encoded in
the CEP of the two laser pulses, we evaluate the residual current for all
possible combinations of ¢, and ¢;. As described above, we measure
CEP-dependent currentamplitudes/and their phases @ina dual-phase
lock-in scheme referenced to the carrier-envelope-offset frequency
(fceo) thatimprints a global periodic CEP modulation Ag, = 21f oAt to
both laser pulses. By additionally controlling the relative CEP A@ by
means of aSiO, wedge pairininterferometer arm A, we can realize arbi-
trary CEPs ¢, and ¢ and measure the resulting current. Note that is no
longer directly proportional to asingle CEP as two pulses with different
CEPdrive currents based onreal and virtual charge carriersthat have an
intrinsically different CEP dependence (see Supplementary Video 1).

Here we unfold the full ¢, and ¢; dependence of the data shown in
Fig. 4b (see also Extended Data Fig. 4a with 8 added). Each data point
Jrepresents the root-mean-square value of an alternating current;,
modulated at f,. Hence, to obtain this alternating current as afunction
of Ag,, each datapointis multiplied with asine functionshifted by the
respective lock-in phase 6 and scaled by a factor of /2 to obtain the
peak values

JA@ce, Ap) =2)(Ap)sin(Ag,~0(Apy)), (8)
representing the demodulation of the dual-phase lock-in ampli-
fier output signal. In Extended Data Fig. 4b, we exemplify the Ag,



dependence of two data points, namely the minimum and maximum
current (Extended Data Fig. 4a, b, light and dark green data points).
The phase of the sine functionsis given by their respective 8 (Extended
DataFig.4a, greensquares), whereas their root-mean-square values
(dashed lines) yield the amplitudes shown in Extended Data Fig. 4a
(greencircles).

The demodulation of all data points within one period of A@
(Extended Data Fig. 4a, shaded range) according to equation (8)
yields the full Ag; and Ag, dependence of the current. This is shown
in Extended Data Fig. 4c, where the colour code indicates a sine func-
tion for each column, similar to Extended Data Fig. 4b. Itis noted here
that for A = +11/2, the current remains close to zeroregardless of the
values of the individual CEPs ¢, and ¢,.

We can then map this current to a basis spanned by ¢, and @ accord-
ingto

T (@, 0) =8, = (9-@)mod2m, Ag, = Agy,), )

asshownin Extended DataFig. 4e.

To support the observed dependencies of the total current on ¢,
and @, we apply asimple model where we assumej,(¢,) =/, sin(g,) and

Js(@g) =—J5 cos(gg) for currents driven by laser pulses A and B, respec-
tively. The sine and minus cosine functions are chosen for j, and j,,
respectively, toreflect the proper CEP dependence of currentsinjected
byrealandvirtual charge carriers. The currentamplitudes/, and J;are
evaluated from measurements on the identical heterostructure with
laser pulse A on graphene only (/, = 6.1 pA) and laser pulse B on the
interface only (/; = 5.1 pA).

Thetotal current jN((oA, ®g) = ju +jsunderillumination withbothlaser
pulses is shown in Extended Data Fig. 4f, where the axes are spanned
by @,and ¢@,, likein Extended Data Fig. 4e. Areverse transformation to
equation (9

JA@e, Ap,) =) (@,= (Mg + Ag,)mod2m, ¢, = Ag,), (10)
yields the simulated currentin the same basis as Extended Data Fig. 4c
(Extended Data Fig. 4d.) The simulation curves shown in Extended
Data Fig. 4a (and Fig. 4b) can be extracted from this panel (see also
Supplementary Video1): the simulated lock-in phase tracks the current
crest as a function of A (Extended Data Fig. 4d, purple line). The
root-mean-square value of each column gives the simulation curve
for the current measured by the dual-phase lock-in amplifier (Fig. 4b,
blue line, Extended Data Fig. 4a). It is scaled by a factor of 0.68 to fit
best to the experimental data.

Inbothrepresentations shownin Extended DataFig. 4c-f, our simple
model results show good agreement with the experimentally obtained
currents: both current amplitude and direction fit well. Resting on this,
we may use our model as a basis for illustrating the formation of logic
gates. We simplify the current map of Extended Data Fig. 4f by choosing
arbitrary equal amplitudes/, and /; (Extended Data Fig. 5a). As binary
inputs of the CEP are required for logic levels, we reduce this map to
integer multiples of /2, yielding a table of 16 possible combinations

of @, and g, (Extended Data Fig. 5b). We assign the resulting currents
tologicoutputlevels of 1 for positive current and O for zero or negative
current. The gate types AND, OR, NAND and NOR shown in Extended
DataFig.5c-fcanbelocated straightforwardly onthe table of Extended
Data Fig. 5b (see green dots). It is noted that for each of the gates the
assignment of CEPs ¢, and @, to logicinput levels 0 or 1 may be differ-
ent,asshowninthetruthtables. Alsonote thatthe NOR gateis already
functionally complete, thus allowing one to build an entire processor
using NOR gates only.
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Extended DataFig.1|Electricfield and vector potential of Gaussian laser
pulses used for simulations. The maximum field strengthis 2.3 V/nm, the
pulsedurationis 6 fs (intensity FWHM), the centre photon energyis1.5eV.
a,ForaCEP ¢ =m/2theelectricfieldis antisymmetric withrespectto time
inversionwhile the vector potential is symmetric. b, For ¢ = O the electric
field issymmetric and the vector potential is antisymmetric.
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Extended DataFig.2|Sample and measurement technique. a, Scanning
electron micrograph of the gold-graphene-gold heterostructures with
various electrode distances. The yellow colouring indicates the gold
electrodes. Insets, total photocurrent as afunction of the focal positioninside
the dashed regions (£, = 0.3 V/nm). For all measurements and unless otherwise
stated, the laser spot was positioned in the centre of the graphene strips such
that the total photocurrentis 0.b, Schematic diagram of the measurement
scheme. Theinducedresidual currentis amplified by transimpedance
amplifiers and detected by a dual-phase lock-in amplifier.
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Extended DataFig. 3 | Total photocurrent and CEP-dependent currenton DataFig.2a,inset). b, CEP-dependent current for ¢ =Tt (same data as in Fig. 2c).
anl=1pmgraphenestrip asafunction of E,. a, Total photocurrent with the Insets show the datain a double-logarithmic scale with linear fits, while shaded

laser focus placed at the interface (compare with current maximain Extended pointsonly areincludedinthefitin (b).
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Extended DataFig.4 | CEP dependence of currents forlogic switching.
a,Measured and simulated CEP-dependent current (blue, data and simulation
asinFig.4b)andlock-in phase (purple). The shaded range A@=[-2m, O] is
further analysedin (c), whereitis mappedto A@=[0, 2m]. b, Using Eq. (8)

of Methods, the Ap, dependence of the currentis exemplified for two data
points (lightand dark green) of (a). Dashed lines indicate the root meansquare

0 (n rad)
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values, i.e., the currentsshownin (a). ¢, Measured current asafunction of Ag¢;
and demodulated along Ag,. The light and dark greenlines correspond to the
datapoints markedin (a) and analysedin (b).d, Simulated current as a function
of Apcrand Ag,. The model curve of @ (purpleline) is indicated with an arbitrary
offset withrespectto (a). e, Measured current (c) in the basis of individual CEPs
@,and ;. f, Simulated currentin the same basis as (e).
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Extended DataFig. 5| Realization of various logic gates. a, Simulated negative currentis assigned to O (see colour bar). The green dots mark the
CEP-dependent currentas afunction of ¢,and ¢ with equal current combinations required for the formation of the logic gates shown below.
amplitudes/,,/sinduced by laser pulses A (bulk graphene) and B (interface). c-f, Truth tables of AND (c), OR (d), NAND (e) and NOR (f) are obtained by
The purple crosses mark phases ¢,, ¢ consideredin (b). b, CEP-dependent appropriate choice of CEPs ¢, and ¢ as markedin (b). The green arrows (rings)
current for 16 combinations of ¢, and ¢ as needed for the operation of logic ontheinsets depicting the heterostructure mark the currentdirection (zero

gates. Positive currentis assigned to an outputlogiclevel Yof1while zero or current) drivenonthe graphene and at theinterface.
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Extended DataFig. 6| Raman spectrum of monolayer epitaxial graphene
onSiC. The coupling to the SiCinduces astrain-induced blue-shift of 64 cm™ to
the2D-peak compared to freestanding graphene, while it consists of one peak
only (-48 cm™ FWHM) as expected for monolayer graphene®®. The occurrence
ofaD-peakindicates defects emerging primarily from domain boundaries®.
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Extended DataFig.7|Optical near-field simulation of the heterojunction.
a, Schematic of the structure usedin finite-difference time-domain
simulations. Two electrodes consisting of 5nm titaniumand 30 nm gold
separated by alpmgraphenestrip are supported by aSiC substrate. Similar to
experimental conditions, the structure isilluminated with a Gaussian focus
placedinthe centre. b, Field enhancement { within the graphene layer (red
line). Inthe centre, {reaches the analytic factor given by the polarization
response of bareSiC (grey dashed line) whileitrisesto 2 in the optical near-field
oftheelectrodes. ¢, Variation of the CEP A@; across the graphene strip. A@; is
independent ofthe exact value of the CEP.
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Extended DataFig. 8| Line-scan of CEP-dependent current. Measured
CEP-dependent currents are plotted as afunction of the focus position thatis
moved fromone to the other gold electrode (shaded areas) across a5 x 1.8 um?
graphenestrip onanaxis centred to the graphene strip width. The current
projectionsj.., (purple data points) andj, , (blue data points) are shown.
Apeakfieldstrengthof E,=2.7 V/nmis applied. Error barsindicate the
standard deviation.
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Extended DataFig. 9| Transient evolution of charge motion and electron
population obtained froma TDSE model. a, b, Charge motion for a CEP of
@c="1/2(a)and @ =0 (b). Thegrey lines show the electric field of the pulses
with£,=2.3V/nm, centred at¢=0.c,d, Normalized electron populationp,

t(fs)

contributingto the charge transfer. The populationis normalized to the
number of available states in the first Brillouin zone of graphene. For ¢ =0,
poreturnstozero after the pulseis gone, while for ¢ =1/2, aresidual
populationremains and leads to anincreasing charge transfer, see alsoinsets.
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Extended DataFig.10 | Two-pulse experiment. CEP-stable laser pulses froma
Ti:Saoscillator are splitinto pulse copies (4, B) inaMichelsoninterferometer.
The SiO, wedge pairs are used to balance the dispersion (path A and B), and to
vary A@; (path A). The temporal delay is changed by variation of path length A.
Introducing an anglein path Bresults in spatially separated focion the sample,
see microscopeimage. BS, beamsplitter; OAP, off-axis parabolic mirror.
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