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The enigmatic interplay between electronic and magnetic
phenomena observed in many early experiments and outlined in
Maxwell’s equations propelled the development of modern
electromagnetism!. Today, the fully controlled evolution of the
electric field of ultrashort laser pulses enables the direct and
ultrafast tuning of the electronic properties of matter, which is
the cornerstone of light-wave electronics®”’. By contrast, owing
to the lack of first-order interaction between light and spin, the
magnetic properties of matter can only be affected indirectly and
on much longer timescales, through a sequence of optical excitations
and subsequent rearrangement of the spin structure®16, Here we
introduce the regime of ultrafast coherent magnetism and show
how the magnetic properties of a ferromagnetic layer stack can
be manipulated directly by the electric-field oscillations of light,
reducing the magnetic response time to an external stimulus by two
orders of magnitude. To track the unfolding dynamics in real time,
we develop an attosecond time-resolved magnetic circular dichroism
detection scheme, revealing optically induced spin and orbital
momentum transfer in synchrony with light-field-driven coherent
charge relocation!’. In tandem with ab initio quantum dynamical
modelling, we show how this mechanism enables the simultaneous
control of electronic and magnetic properties that are essential for
spintronic functionality. Our study unveils light-field coherent
control of spin dynamics and macroscopic magnetic moments
in the initial non-dissipative temporal regime and establishes
optical frequencies as the speed limit of future coherent spintronic
applications, spin transistors and data storage media.

Although matter reacts to optical excitations by a virtually instan-
taneous and direct response of electrons to electric-field oscillations,
ultrafast magnetic switching is intrinsically slower owing to the need
of mediating processes linking optical excitations to spin dynam-
ics®>1314 Femtosecond laser pulses can modify magnetic properties at
response times of several tens of femtoseconds or longer (50 x 10~ -
500 x 1071° §)1>16, the prospect of optical control of ferromagnetic bits
has been discussed'®, and circularly polarized attosecond light pulses
have been proposed to generate ultrafast magnetic-field bursts as new
tools for ultrafast magneto-optics'®. However, direct experimental
evidence of the ability to link the response of a spin system to the qua-
si-instantaneous opto-electronic response calls for attosecond temporal
resolution and has been missing until now.

A route to the novel regime of attosecond magnetism has been
worked out theoretically. The proposed approach uses ferromagnetic
alloys or layer stacks, where optical excitations result in the local dis-
placement of charge carriers between different atomic species or across
layer interfaces, in analogy to shift currents associated with the bulk
photovoltaic effect?’. In such a scenario, dubbed optically induced spin
and orbital momentum transfer (OISTR), the spatially dislodged elec-
tron wave carries its spin away from the atomic species at which its
ground state resides'’”. Consequently, the resulting coherent spin trans-
fer is linked directly to the temporal evolution of the optical excitation

field and modifies the spin moments of magnetic layers extending over
macroscopic dimensions defined by the illuminated area.

Critical for advancing towards attosecond magnetism is an experi-
mental scheme with the ability to control and detect the sub-optical-
cycle evolution of electronic excitations driven by ultrafast electric
fields, combined with simultaneous observation of modifications of the
magnetic moments of individual sample constituents. Here we achieve
this by linking attosecond transient extreme ultraviolet (XUV) absorp-
tion spectroscopy detection (attosecond XAS), which is sensitive to
the temporal evolution of electronic excitations?”’, with simultaneous
attosecond time-resolved magnetic circular dichroism (attosecond
MCD) (Fig. 1), which probes the local magnetic moment—both with
a temporal resolution better than 1/10 of the cycle time of visible light.

In our experiment, ultrafast near-infrared (NIR) few-cycle laser
pulses serve as a temporally well confined trigger of electronic excita-
tions in nickel. The metal exhibits broadband resonant absorption prop-
erties (see density of states, DOS, in Fig. 1c) and the strong electric field
of the laser pulse accelerates electrons with energies below the Fermi
energy in the band structure or promotes them to states in higher-
energy bands during excitation bursts phase-locked to the field max-
ima, leading to a stepwise increase of the number of excited carriers.
Similarly, for nickel sandwiched between platinum layers, the optical
excitation is a virtually instantaneous response to the oscillating exter-
nal electric field. However, the adjacent heavy metal ad-layers open an
additional excitation pathway where an electron is coherently driven
across the material interface from states around the Fermi energy of
nickel into vacant platinum states (Fig. 1c, d).

The resulting depletion of majority spins, which are oriented by plac-
ing the samples in a static external magnetic field (Bey = 50 mT) well
beyond magnetic saturation, leads to a macroscopic reduction of the
magnetic moment of the nickel layer. We employ attosecond MCD, as
illustrated in Fig. 1, for the first real-time study of this light-field-in-
duced coherent modification of the magnetization of a material.

Linearly polarized attosecond pulses are generated by the same ultra-
fast laser pulses used to pump the electronic system of the samples via
high-harmonic generation and subsequent spectral selection®! 2. To
implement a time-resolved variant of X-ray MCD detection?*, we devel-
oped a grazing-incidence, multi-reflection phase retarder®?¢ (Fig. 1a)
optimized for photon energies in the XUV regime (see Methods).

In our experiment, the resulting circularly polarized attosecond
pulses cover XUV photon energies around the nickel M, ;-transition
(Fig. 1) and last about 20% of the half-cycle duration of the optical
pump field (Tprobe = 310 as), as confirmed by attosecond streak-cam-
era detection. In attosecond XAS, these pulses allow us to measure
the dynamics of photo-excited electrons and modifications of the spin
structure. Final-state interactions between electrons photo-injected
into conduction-band states and electrons promoted into the conduc-
tion band by XUV photons turn the energy-resolved absorption into a
sensitive probe for pump-laser-induced population transfer between
electronic states around the Fermi edge of nickel®’.
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Fig. 1 | Attosecond MCD for the study of ultrafast magnetism.

a, A quarter-wave phase retarder and band-pass filter (incident and
transmitted spectra shown in the insets), optimized for photon energies
covering the M-edge absorption of most transition metals, is used to
turn incident linearly polarized attosecond pulse trains into isolated
circular polarized attosecond pulses. These are applied as probe pulses to
record the magnetic circular dichroism contrast Ay of nickel/platinum
multilayer systems pumped by few-cycle NIR waveforms in an external
magnetic field. Before the few-cycle NIR excitation, the nickel/platinum
multilayer and the bulk nickel are in the magnetically saturated state along
the in-plane-direction easy axis set by the external magnetic field. CCD,
XUV-sensitive charge-coupled device camera. b, Recorded absorption
A* and A~ for the two orientations of the magnetic field applied to the
sample and the resulting attosecond MCD contrast, before the arrival of

Recording the transmitted XUV spectral intensities "/~ for two
opposite magnetization directions oriented along the sample surface
(or equivalently for two orthogonal helicities of the attosecond pulses)
yields the magnetic dichroism contrast, Ay = I — I (see Fig. 1b
and Methods). Detection of Ay renders the method sensitive to ele-
ment-specific local magnetic moments and enables the simultaneous
tracking of sub-femtosecond modifications of both the electronic and
magnetic properties induced by strong-field optical pumping.

Figure 2 shows the recorded transients of attosecond XAS and atto-
second MCD. Ultrashort NIR waveforms with a central wavelength of
Anir = 800 nm, set to a peak intensity of Iyjg = 4 X 10> W cm ™2 and
a full-width at half-maximum (FWHM) duration of 7punp = 4 fs (cycle
time 7Tgoo nm = 2.7 £s), are used to excite electrons in nickel (Fig. 2b;
see Methods for details on sample preparation and static characteriza-
tion). Owing to the attosecond temporal resolution of our experiment,
arepetitive decrease of the XUV absorbance is observed (red line) in
synchrony with the electric-field oscillations (simulated waveform
depicted as a green line at the top of Fig. 2a)® when the relative delay
At between the NIR pump waveform and the attosecond probe pulse
is scanned. Increased absorption (energy interval AE = 65.5-66.5 eV)
is the result of reduced Pauli blocking in electronic states gradually
liberated by the pump-field-induced promotion of carriers into states
above the Fermi energy. The stepwise behaviour with a rise time of
<500 as is indicative of the transition rate peaking at the field crests
of the light waveform and of the number of excited carriers increasing
in synchrony with the half-cycle oscillations of the NIR pump laser
pulses, reminiscent of interband tunnelling®>?%. Inspection of the
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the NIR pulse (¢;), which represents the unperturbed system, shortly after
its arrival (t,) and hundreds of femtoseconds after (t3) excitation (a.u.,
arbitrary units). Arrows indicate the corresponding vertical axes. ¢, d, In
the multilayer (as opposed to bulk nickel), the optical excitation causes a
coherent trans-interface charge current driven by the few-cycle light pulse,
which is associated with the synchronous transfer of spin into the heavy
metal. ¢, The grey shaded area represents occupied states in nickel, and the
yellow area depicts unoccupied platinum states. Electronic excitation (red
arrow) promotes an electron into the platinum layer (green circle), leaving
a vacancy (empty green circle) in nickel. d, The NIR pump (red waveform)
excites a coherent electron wavepacket (green) into the heavy metal
ad-layer, where the spin experiences strong spin-orbit coupling, resulting
in the circular XUV probe pulse (purple waveform) recording a decreased
MCD signal.

simultaneously recorded attosecond MCD contrast Ay (blue line)
yields no observable change within the sampled time interval, indicat-
ing the conservation of magnetic moment in the ferromagnetic nickel
layer for the first ~10 fs during and after electronic excitation.

In striking contrast, Fig. 2a shows that the magnetic moment of
nickel sandwiched between platinum layers (see Methods), under
otherwise identical experimental conditions, responds to the optical
excitation as fast as the electronic system. The platinum surround-
ing the nickel acts as an efficient spin absorber for optical excitations
transferring charge across the interfaces. In these Ni/Pt samples, ultra-
fast Ay changes (blue line) larger than 40% of the initial value are
immediately discernible during the light-field oscillations that cause
optical excitation, attesting to the dominant role of OISTR in the
loss of magnetic moment. The reduction acts with a time constant of
Teoherent = (4.5 fs) X (1/e), concurrent with the field-induced excitation
and identical to the response function computed from the laser pulse
duration. This synchrony is direct evidence of coherent, sub-femtosecond
magnetization control extended over the macroscopic dimensions
probed by the attosecond-pulse spot size of 40 pm. A periodic mod-
ulation of the attosecond MCD signal on top of the ultrafast decrease
is beyond current experimental certainty and will be the subject of
future studies.

To shed light on the coherent electronic processes taking place in
the presence of the oscillating light field and its influence on the ini-
tial stages of ultrafast spin dynamics, we turn to theory. Established
semi-classical models omit the wavepacket nature of excited elec-
trons and correctly account for super-diffusive transport after tens
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Fig. 2 | Attosecond MCD measurements of light-field-induced coherent
spin transfer. a, b, The strong electric field E(t) (waveform fitted to

an attosecond streak-camera recording; green line in a; see Methods
section) of an ultrashort laser pulse excites electrons around the

Fermi energy in Ni/Pt-multilayer samples (a) and bulk nickel (b). The
resulting transfer of electron population in synchrony with the laser

field’s half-cycle oscillations is tracked with attosecond XAS (probe

pulse duration Tprobe = 310 as) and yields a stepwise modification of the
XUV transmission evaluated at 66 & 0.5 eV (red dashed curves). The
simultaneously recorded attosecond MCD contrast Ay, evaluated in the

of femtoseconds have elapsed and scattering events have randomized
electron momenta and energies'?. On shorter timescales, and to
describe the coherent phenomenon observed here, a dynamical
and fully coherent quantum description of the laser-driven electron
waves is required. To that end, we implement a state-of-the-art time-
dependent density functional theory (TD-DFT; see Methods for com-
putational details) approach that accounts for the coupled dynamics
of both charge and spins, and yields the magneto-optical function,
whose absorptive component is proportional to the magnetic dichroism
contrast, Ay; = I't — I". Inspection of the results determines that the
cross-interface flow of charge and spin currents governs the dynamics
in early times (during and immediately after pumping), followed by
spin—orbit-mediated spin-flips. The net result is a coherent momen-
tum transfer in space and time across the interface by redistribution
of the interlinked spin, $(f), and orbital angular momentum, L(t). The
computations emphasize that coherent momentum transfer dictates
the dynamics for up to five atomic layers in the vicinity of the interface,
beyond which the excited charge decays rapidly®.

The combination of state-of-the-art TD-DFT and the novel attosec-
ond MCD technique—both of which are capable of tracking ultrafast
charge and spin migration that outpace the slower lattice dynamics—is
therefore a unique and powerful framework to investigate this unex-
plored few-femtosecond timescale on which different mechanisms
combine to turn the initially coherent optical excitation into a macro-
scopic loss of magnetic moment. Figure 3a shows the results of the atto-
second MCD recording for the magnetization dynamics in Ni and Ni/Pt
sandwich samples pumped at an intensity of Iyg = 2 x 10> W cm™>
(red, nickel; blue, Ni/Pt) in comparison with the results of ab initio
computations with the sample geometry and experimental laser pulse
parameters as input. The loss of magnetic moment in nickel (red line,
experiment; violet line, theory) mostly stalls during strong-field excita-
tion and subsequently evolves with a demagnetization rate higher than
the theoretical predictions, which are obtained in the absence of nuclear
dynamics and for bulk Ni instead of a thin-film geometry.

242 | NATURE | VOL 571 | 11 JULY 2019

Delay, At (fs)

energy interval 66.5-68 eV, around the nickel M, 3 edge is a measure of
the magnetization of the nickel layer (blue solid curves). The reduction
of the magnetic moment of the multilayer system synchronously with
the electronic response provides clear experimental evidence of ultrafast
coherent spin transfer and of the OISTR effect. This is supported further
by the bulk nickel showing no noticeable change in magnetic moment in
the first femtoseconds after excitation (b) while exhibiting an electronic
response linked to the electric-field oscillations of the excitation pulse.
Blue- and red-shaded regions indicate the standard deviation of the
average along the energy dimension.

By contrast, Ni/Pt (blue line) suffers a swift demagnetization within
the pump pulse duration, and the agreement between the experi-
mentally observed Ay and the calculated time evolution (including
spin-orbit coupling; dark-green line) of the relative magnetic moment
M(t)/M(0) proves the validity of the theoretical approach and confirms
that the experimental observable is a direct measure of the layer mag-
netization. Strikingly, excluding spin-orbit coupling from the theoret-
ical calculations (light-green line) causes a levelling of the predicted
magnetization dynamics at 20 fs, which is not mirrored in the experi-
mental data obtained in the multilayer system. Because the only process
that can cause demagnetization of Ni, apart from spin-orbit coupling,
is the flow of electrons (carrying their spins) across the interface, these
first 20 fs mark the hitherto unexplored time interval in which the mul-
tilayer-specific OISTR-mediated coherent momentum transfer dictates
the physics of spin dynamics.

Our data indicate the presence of a second timescale of slower
demagnetization (20 fs < t < 50 fs), where theory determines that
spin—orbit-mediated spin-flips dominate the evolution of the magnetic
moment. Approximately 50 fs after optical excitation the demagneti-
zation dynamics of both samples converge, and at longer timescales
(t > 70 fs, Fig. 3b) the multilayer sample fully demagnetizes with a
time constant of Tipcoherent = 112 = 6 fs (standard error of the mean)
which represents the transition to stochastic dynamics rooted in mag-
netically correlated behaviour and is in good agreement with previous
experiments reporting the decay of magnetic moment within 120 fs
for pure nickel.

We report the first experimental evidence of light-wave-induced
coherent transfer of spin and orbital angular momentum in space and
time caused by the interplay of few-cycle optical excitation and the
spin-orbit interaction in magnetic and non-magnetic multilayers. This
excursion into the unexplored territory of ultrafast (t < 20 fs) all-optical
control of spin dynamics and macroscopic magnetic moments by (and
in synchrony with) the oscillations of ultrafast electric fields opens the
door to attosecond magnetism and provides a benchmark for the design
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Fig. 3 | Optically induced spin-transfer, post-excitation spin dynamics
and quantum dynamical modelling. a, Comparison between the
experimentally recorded attosecond MCD trace in Ni/Pt-multilayers
(blue line) and pure Ni (red) with the ab initio simulation of light-field-
induced spin dynamics, including spin-orbit coupling in the multilayer
(dark-green line) reveals that for the first 10 fs the demagnetization of Ni
layers is entirely due to flow of majority-spin current across the material
interface. Theoretical calculations without the spin-orbit interaction
predict saturation of the demagnetization 15 fs after the optical excitation
(light-green line). This is a clear indication that beyond this time all

the demagnetization is caused by spin flips, whereas at earlier times

spin dynamics is governed by OISTR, which is absent in the theoretical
prediction for bulk nickel (violet line; see Fig. 2). b, Experimental data
recorded for longer timescales in the multilayer system (blue line)
indicate complete quenching of the magnetic moment due to stochastic
processes with a characteristic timescale of 112 fs. The recorded Ay
exhibits additional modulations up to 300 fs after the optical excitation,
whose origin remains speculative, but could be rooted in coherent
phonon modes affecting the coupling to the lattice. The inset compares
the recorded MCD signal A = log(I*/I") of the Ni/Pt sandwich (orange
line) with the imaginary part of the computed magneto-optical function
A (red line).
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of future coherent magnetic control protocols. In tandem with the pre-
sented ab initio theory, future attosecond magnetism experiments are
expected to elucidate the physical mechanisms behind spin and lattice
momentum transfer and explore the role of phonons in the transition
from the coherent to the thermal regime of ultrafast magnetism.

As a corollary of the reduced magnetic moment at the spin-donor
sites observed here, our theory predicts that in alloys or suitably cho-
sen multilayer systems the same mechanism can cause a local ultrafast
increase in magnetic moment at spin-acceptor sites to sustain revers-
ible optical manipulation of magnetic moments, bringing spintronics
to the attosecond regime!”. Notably, optically induced inter-site spin
transfer appears as a general property of magnetic heterostructures.
We anticipate the proposed experimental method and the concept of
attosecond magnetism to also have a vital role in the exploration of
pre-spin-orbit dynamics in coupled ferromagnetic-anti-ferromagnetic
domains, systems with intertwined spin and charge orders, and other
strongly correlated systems™.

Finally, the observed sub-femtosecond magnetization control via
optically induced spin transfer is promising for a new class of ultrafast
spintronic applications and suggests the feasibility of light-wave-gated
coherent spin transistors mimicking spintronic functionality that is
orders of magnitude faster than existing applications.
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METHODS

Theory. Computations rely on the Runge-Gross theorem®!, which establishes that
the time-dependent external potential is a unique functional of the time-dependent
density, given the initial state. On the basis of this theorem, a system of non-
interacting particles can be chosen such that its density is equal to that of the inter-
acting system at all times. The wave function is represented as a Slater determinant
of single-particle Kohn-Sham (KS) orbitals. A fully non-collinear spin-dependent
version of this theorem entails that these KS orbitals are two-component Pauli
spinors determined by the equations:
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where the first term is the kinetic term, responsible for the flow of current
across the interface®?, A.x(t) is a vector potential representing the applied
laser field, and o are the Pauli matrices. The KS effective potential v(r, t) =
Vext(, 1) + vu(r, t) + vxe(r, t) is decomposed into the external potential, vy(r, t),
the classical electrostatic Hartree potential, vy(r, t), and the exchange-correlation
potential, vxc(r, t). Similarly, the KS magnetic field is written as By(r, t) = Bex(r, £) +
By(r, t) + Bxc(r, t), where Bey(r, t) is the magnetic field of the applied laser
pulse, plus possibly an additional magnetic field, and Bxc(r, t) is the exchange-
correlation magnetic field. The final term is the spin-orbit coupling term, the
presence of which ensures that the total spin angular momentum, S, is not a good
quantum number and hence spin-flip excitations can lead to loss in S. Equation (1)
is solved for the electronic system alone in dipole approximation and using an
adiabatic local spin-density approximation® for the exchange-correlation fields.
The dynamics of the nuclear degrees of freedom and radiative effects, described
by simultaneously time-propagating Maxwell's equations, are not included in the
present work, limiting the predictive power of the method to the first ~100 fs
during and after pumping.

Calculations of a magneto-optical function for the Ni/Pt layer (see inset of Fig. 3)

were performed by a three-step process: (i) the ground state of Ni/Pt multilayers
was determined using DFT; (ii) a fully spin-polarized many-body calculation® was
performed, expanding the self-energy in terms of the single-particle Green func-
tion G and the screened Coulomb interaction W (GW approximation), to deter-
mine the correct position and width of Ni 3p states; and (iii) the response function
was calculated on top of the GW-corrected KS ground state. This response function
was calculated within linear-response TD-DFT, in which the excitonic effects*
and local field effects can be easily included. An advantage of this treatment is
that no experimental parameter was needed to determine accurate magneto-
optical functions.
Computational details. For a periodic sequence of three monolayers of Ni on
seven monolayers of Pt, a fully non-collinear version of TD-DFT, as implemented
within the Elk code®, was used for all calculations presented here. All the com-
putations were done using the state-of-the art full-potential linearized augmented
plane wave (LAPW) method. The computational cost prohibited inclusion of more
monolayers in the calculation. The results presented for Ni/Pt required approxi-
mately 270,000 processor hours.

A regular 8 x 8 x 8 mesh in momentum space and a time step of At =2 as were

used for the time-propagation algorithm. To mimic the experimental resolution,
a Gaussian energy broadening with a spectral width of 0.027 eV was applied. The
laser pulse used in the present work was linearly polarized (out-of-plane polariza-
tion) with a central frequency of 1.55 eV, an FWHM duration of 8 fs and a fluence
of 5.4 mJ cm 2.
Experiment. The experiments were carried out with a phase-stabilized few-cycle
NIR laser as the driver (FemtoPower), emitting pulses with duration of 4 fs and
pulse energy of 0.5 m]J at a repetition rate of 4 kHz. These pulses were focused
into a neon-filled ceramic target, generating high-harmonic radiation with a cut-
off energy of around 70 eV. A Mach-Zehnder-type interferometer was used to
introduce a delay between the NIR and the XUV pulses. We used a 150-nm Al
filter to block the driving NIR laser pulse while providing a constant transmission
at the energies of interest. Isolated attosecond pulses were achieved by spectrally
filtering the cut-off regime with a Si/B,C multilayer mirror with a reflectivity of
15% at 66 eV and an FWHM bandwidth of 8 eV for an angle of incidence of 45°.
Subsequently, the multi-reflection phase-shifter changed the polarization from
linear to elliptical. An ellipticity of € > 0.75 was achieved with transmittance >25%
and without introducing substantial wavelength dispersion.

Four Mo/B,C multilayer mirrors were mounted at an angle of 78° with respect
to the surface normal—a setting optimized for high broadband transmission and
maximized ellipticity. With that setting, laser-based MCD measurements at M-edge
transitions can be used to time-track magnetization dynamics, as an extension of
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the methodology developed at synchrotron sources and employing L-edge tran-
sitions in the past.

The bandwidth covered by the circular polarized attosecond pulses permitted
us to probe the Ni M-edge transitions M, and M3 at 68 eV and 66.2 eV, respec-
tively®”. For our samples, these resonant transitions caused a 20% reduction in
transmission, in addition to the non-resonant background”. In principle, the Pt
O, transition at 65.3 eV was also covered by the bandwidth of the attosecond
pulses. Owing to the considerably smaller transition strength compared to the
Ni resonances and the extended bandwidth of almost 10 eV of the Pt O, edge,
our experiment was not capable of resolving this contribution. Future studies in
suitably chosen heterostructures (for example, iron—cobalt or nickel-cobalt mul-
tilayers or Heusler compounds) will be designed to allow resolving the anti-phase
magnetization dynamics due to OISTR in such systems, where XUV resonances
of both constituents can be tracked. To maximize the MCD contrast while main-
taining sufficient XUV transmission, the samples were mounted at an angle of
~35° between the propagation direction of the laser and the surface normal. The
surface normal and the magnetization direction of the sample were on a plane par-
allel to the propagation direction of the laser field. We used a gold-coated grating
with 2105 lines per millimetre in reflection geometry (Jobin-Yvon) with a 200-pm
entrance slit as a spectrometer.

For every delay step, we measured the transmitted spectra for both magnet-
ization directions of the sample and then scanned the delay over the region of
interest. To check and compensate for long-timescale drifts in the XUV spectrum,
we took spectra of the transmitted XUV light in the absence of the NIR laser light
before and after every scan to ensure that no irreversible changes were made to the
multilayer or the supporting polycrystalline silicon substrate.

We observed the OISTR effect for pump light intensities of Ixr = (1.5-
4) x 10" W cm™2. Atlower intensities, only the slow demagnetization component
depicted in Fig. 3b was observed. At intensities of Iyjg > 5 x 102 W cm ™2 the time
span between laser pulses (250 pis) was found to be insufficient for the magnetic
system to return to the unperturbed state.

To explore the sub-optical cycle dynamics, the data displayed in Fig. 2 were
recorded with a delay step size of 0.1 fs and an integration time of 20 s per time
step and magnetization direction for a total scan duration of 9 fs, which extends
well beyond the FWHM duration of the NIR pump waveform (4 fs). For each
time step an additional absorption spectrum was recorded without the pump light
impinging on the sample. A running average was applied along the delay dimen-
sion with a range of 5 (10) time steps for the attosecond XAS (attosecond MCD)
data, respectively. An evaluation using artificial data with random noise added
yielded an estimated temporal resolution of <300 as (<800 as).

The total scan time was >2 h, limited by the long-term stability of the laser’s
carrier-envelope phase locking and the pump-probe interferometer reproducibil-
ity, effectively confining the obtainable delay scan range to 10 fs (0.1 fs step size)
and 200 fs (2 fs step size).

The attosecond MCD signal was extracted from a series of two recordings with

the direction of the external magnetic field (that is, the magnetization direction
of the sample) reversed. For the practical reasons detailed earlier, the maximum
feasible integration time per spectrum was 20 s. Extended Data Fig. 2 shows the
fidelity with which the attosecond MCD signal can be obtained as a function of
integration time.
Data evaluation. For the energy calibration of our spectrum we used the pro-
nounced Al L, ; edges at 72.7 eV and the Ni M; edge at 66.2 eV. The grating equa-
tion A = d(sind; - sinf) (where X denotes the wavelength, d the distance between
the grating and the detector, 6; the angle between the incident beam and the surface
normal of the grating and 6 the angle between the surface normal of the grating
and the refracted beam) gives the relation between the position of a spectral feature
detected by the XUV-sensitive CCD camera (Princeton Instrument PIXIS) and the
photon energy. We investigated the influence of the non-homogeneous diffraction
and reflection efficiency of the grating and found it to be negligible within the
photon energy range relevant in this study.

We applied an equal-weight sliding average to the spectrograms along the
energy (AE = 50 meV) and the delay (At = 0.5 fs) dimensions. We determined the
magnetic dichroism contrast according to Ay = I" — I". Application of alternative
definitions of the contrast and computation of the magnetic dichroism asymmetry
had no influence on the transient signals.

E(t) was obtained in an attosecond streak-camera experiment independent of
the attosecond XAS/attosecond MCD recording shown in Fig. 2 (but under other-
wise identical experimental conditions)*. Because XAS measures the action of E(f)
(the number of excited carriers as a function of time), the electric-field evolution
is encoded in the XAS trace (which is proportional to J|E()[)>*, allowing to link
the relative time axis of the two experiments.

Sample preparation and magnetic characterization. A number of Ni and Ni/Pt
multilayer films were grown on Si membranes and optimized to grow in an fcc struc-
ture. The 8.4-nm-thick Ni film and the Pt(2 nm)/2 X [Ni(4 nm)/Pt(2 nm)]/Ni(2 nm)
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multilayer were deposited on 200-nm-thick polycrystalline Si membranes
(Norcada) at room temperature by electron beam evaporation under ultrahigh-vac-
uum conditions with a base pressure lower than 1 x 10~° mbar and high-purity
source materials (99.95%). The individual layer thicknesses in the two [Ni(4 nm)/
Pt(2 nm)] bi-layers were optimized to: (i) increase the number of active interfaces
for OISTR; (ii) maintain sufficient XUV transmittance and provide maximized
attosecond MCD contrast; and (iii) ensure homogeneous in-plane magnetiza-
tion. The sample was protected by an inert 2-nm-thick Pt capping layer, and a
2-nm-thick Ni seed layer (non-magnetic at room temperature) was grown on the
substrate to provide identical surroundings to all of the Pt layers and ensure uni-
form growth of the layer stack. Both materials were grown in fcc structure. The
deposition rate was monitored by a calibrated standard quartz crystal microbalance
and adjusted to 0.02 nm s~ .. Special care was taken to use low-tension mounting
to protect the membranes from any mechanical stress. The in-plane magnetic
properties were characterized by a standard longitudinal magneto-optical Kerr
effect (MOKE) setup with a 3-mW HeNe continuous-wave laser, a photoelastic
modulator and Glan-laser prisms in longitudinal geometry. Measurements on both
the frame and the samples’ membrane window yielded similar ferromagnetic prop-
erties. For both types of samples, we found coercive fields of a few millitesla and a
remanence of around 60%-70% of the saturation magnetization. MOKE measure-
ments confirmed the absence of ferromagnetism in the nickel seed layer at room
temperature, verifying that that layer did not affect the magnetic moment of the
sample; see Extended Data Fig. 1. Sample production, shipping and experiments
were performed under vacuum to prevent oxidation. Nevertheless, we confirmed
that no change of the MOKE signal occurred after 48 h of exposure of the samples

to air, ensuring that the ferromagnetic properties persisted and did not suffer from
oxidic passivation of the sample surface.

Data availability
The data that support the findings of this study are available from the correspond-
ing author upon request.
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Extended Data Fig. 1 | Hysteresis of the longitudinal magneto-optical
Kerr effect for nickel and Ni/Pt multilayers. The Kerr rotation angle,

0% is shown as a function of the applied external magnetic field, jioH (110,
magnetic constant). Both samples (blue, Ni; red, Ni/Pt multilayer) exhibit
soft magnetic hysteresis and low saturation fields, which are needed to
orient the macroscopic magnetization in the sample plane.
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Extended Data Fig. 2 | Fidelity of attosecond MCD. Results are shown
for an integration time of 300 s (green dots, individual data points; green
line, moving average from 7 data points) and 20 s (red dots, individual data
points; red line, moving average from 7 data points).
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