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Triggering and switching magnetic moments is of key importance for applications ranging from
spintronics to quantum information. A noninvasive ultrafast control at the nanoscale is, however, an open
challenge. Here, we propose a novel laser-based scheme for generating atomic-scale charge current loops
within femtoseconds. The associated orbital magnetic moments remain ferromagnetically aligned after the
laser pulses have ceased and are localized within an area that is tunable via laser parameters and can be
chosen to be well below the diffraction limit of the driving laser field. The scheme relies on tuning the
phase, polarization, and intensities of two copropagating Gaussian and vortex laser pulses, allowing us to
control the spatial extent, direction, and strength of the atomic-scale charge current loops induced in the
irradiated sample upon photon absorption. In the experiment we used He atoms driven by an ultraviolet and
infrared vortex-beam laser pulses to generate current-carrying Rydberg states and test for the generated
magnetic moments via dichroic effects in photoemission. Ab initio quantum dynamic simulations and
analysis confirm the proposed scenario and provide a quantitative estimate of the generated local moments.
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The spatiotemporal control of the electric component of a
laser field opened the door to ultrafast science [1,2]. In the
IR, optical, or extreme ultraviolet (XUV) regimes the
magnetic field component is of less relevance for applica-
tions but for very strong terahertz fields, the magnetic field
component may serve to drive the magnetic dynamics, for
instance in insulating antiferromagnets [3]. Spin dynamics
can also be driven by the electric field of laser pulses by
virtue of the spin-orbital coupling and/or transient exchange
interactions [4—7]. Local field confinement at surfaces or of
arranged plasmonic structures allow for spin excitations [7].
Conventionally, in order to generate magnetic fields for
magnetic excitations, charge currents are used, which,
however, are difficult to control on the nanometer scale
and suffer from joule losses. Here, we propose a method to
control laser-generated magnetic moments spatiotemporally
and demonstrate the scheme for an atomic gas. All magnetic
moments are laser aligned, resulting in a local magnetization
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buildup within femtoseconds, which is predicted to persistin
the absence of the lasers. The decay of the generated
magnetic moments is governed by Rydberg state relaxation,
which has been measured and can be in the nanosecond to
microsecond regime [8—10].

The basic idea is the following: to bypass the optical
diffraction limit on the resolution of the volume in which
the magnetic moments are generated, we vary, in a similar
way to a stimulated emission depletion (STED) microscope
[11], the intensity ratio between the Gaussian XUV pulse
and the IR light vortex that trigger the orbital moments. The
XUV pulse is tightly focused and copropagates with the IR
vortex laser [see Fig. 1(a)]. Both lasers intersect the sample
in the same focal plane. The sample, which we magnetize
here, is a gas of helium atoms. The IR vortex pulse carries
orbital angular momentum (OAM) [12], as well as spin
angular momentum (SAM) and has a vanishing intensity in
its center, where the XUV intensity peaks. Transferring
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Experimental setup and temporal buildup of magnetic moments. (a) Sketch of the experimental setup. Collinearly propagating

circularly polarized (oxyy) XUV Gaussian laser pulse (violet) and angular-momentum carrying (with a topological charge m), circularly
polarized (o1r) IR vortex laser pulse (red) intersect a gaseous jet of He atoms traversing the focal plane. (b) Depending on the atom
positions in the laser spots (depicted cases are for the following radial distances from the propagation direction: p; = 0.4 um,
pr = 2.4 ym, p; = 4.4 ym, and p, = 6.4 um), local orbital magnetic moments y, are generated in the atom. Theoretical predictions are
displayed in (c). The temporal structures of the laser pulses are shown in the inset of (c) (red color indicated the IR vortex pulse, violet
color the XUV pulse). (d) shows the quantum mechanically calculated subwavelength confined magnetic field lines for the atom (1) in
(b). The total magnetic moment of the excited gas sample as predicted by the theoretical model is yt, = 5.9 x 1072 J/T (6378u5) for the
(low) density of atoms as used in the experiment. All results were obtained for m = 1 = og = oxyy-

optical OAM to electrons is usually highly inefficient
(because of the different dispersions) but has been dem-
onstrated experimentally [13,14]. Here, we seek a spatio-
temporal control by exciting the ground state to a Rydberg
state with one XUV photon. The spatial extent of the
Rydberg orbital is thus set by the XUV frequency. Because
of its relatively low frequency and intensity, the IR laser
affects substantially only the Rydberg states which then
attain the well-defined orbital angular momentum L, =
(¥|L.|¥) and carry a unidirectional charge current Jo
implying an orbital magnetic moment u, = e/(2m,)L.,
where e and m, are the electron charge and mass. L is the
orbital angular momentum operator of the parent atom. The
direction and amplitude of the current j, and the associated
magnetic moment 4, are dictated by the angular momentum
of the vortex IR laser, which is parallel to the optical axis.
Thus, in contrast to STED [11], our IR pulse does not
deplete the intermediate state but it populates the states
embodying the nanoscale charge current loop, giving rise to
an atomic-size magnetic moment [cf. Fig. (d)].

Our experimental setup depicted in Fig. 1(a) allows for
space and time-resolved control on when and where elec-
tronic OAM is acquired, and hence j, and yu, are formed:
atoms located at the IR laser peak intensity experience
effectively a Gaussian-type IR field and a marginal XUV
laser intensity [cf. Figs. 1(b) and 1(c)]. Thus, the laser fields
have subsidiary influence on these atoms. In contrast, atoms
residing around the optical axis, where the XUV (IR)

intensity peaks (diminishes), are excited by the XUV laser
in the presence of the IR laser. To generate L, in the atoms,
transfer of optical total angular momentum (TAM) is
necessary. For given laser spots, tuning the intensity ratio
between the XUV and the IR pulses controls the cross
sectional area where the magnetic moments u, reside,
allowing this way for a nanoscale tuning of the generated
magnetic fields with a resolution well below the diffraction
limit of the IR laser. The properties of the total magnetic
moment depend on the sample atom density. For instance,
for a gas target with an areal atom density of 50 x 108 cm™>
only 50 atoms areina 1 um? focal plane of the lasers, and the
relative interatomic distance is large compared to the size of
the atom hosting the Rydberg state. The large distances
between the atoms and the energy separation of the Rydberg
states from the core states render the charge currents long-
lived. The light-induced magnetization follows from a
statistical average of the induced atomic magnetic moments
u,. Full ab initio simulations confirm that the maximum y, is
attained by atoms residing around the radial position 2 in
Figs. 1(b) and 1(c). The magnetic field associated with the
quantum mechanical j, is obtained from classical electro-
dynamics [results in Fig. 1(d)].

While the atoms are randomly distributed with large
relative distances, the spatiotemporal structure of the
individual magnetic moments and associated magnetic
fields are laser synchronized due to the time and space
coherence of the cylindrically symmetric optical fields.
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Hence, each atom at a radial distance p, to the optical axis
experiences locally and independently the same optical
SAM and OAM. Thus, the lasers act as a bias field aligning
the magnetic moments ferromagnetically, and in the
absence of external magnetic fields, the magnetization is
preserved. We note that the induced magnetic field can be
broken down to that of one atom, and the extent of the
magnetic moment in this atom is tunable by the lasers
parameters. Importantly, the induced magnetic moments
and associated magnetic fields are robust and do not
average to zero over a few optical cycles of the (petahertz)
driving lasers. Thus, the associated magnetic fields may
sense or affect magnetic dynamics, which proceeds typi-
cally in the gigahertz to terahertz frequency range.
Generally, driving currents with lasers is achieved based
on interference effects between optical excitations [15].
There are theory proposals for petahertz current generation,
including the use of structured laser beams [16,17] or
plasmonic excitations in metamaterials [18]. Optical rec-
tification [19] or interference of two copropagation beams
[20] were studied, as well as intense circularly polarized
laser pulses to trigger charge currents [21]. The distinctive
feature of our scheme is the all-optical noninvasive (one
XUV and one IR photons) generation of nanoscale
[Fig. 1(d)] magnetic islands, which are sustainable (dura-
tion set by the field-free Rydberg-state relaxation) and
controllable in time and direction. In addition, currents with
higher multipoles can be generated in atoms in the vicinity
of the optical axis [atom at location 1 in Fig. 1(b)], as
described in Supplemental Material (SM) [22]. The mag-
netized atoms are not strongly localized in space [Fig. 1(c)]
because of the limited focusing of the XUV laser in our
experiment, which has a spot size of 8 ym full width at half
maximum (FWHM) (more details are in SM [22]). A
stronger focusing and/or increased intensity would shrink
the effective area where the IR and the XUV laser intersect
to generate the magnetic moments.

As a proof of principle, we study a gas of He atoms
randomly distributed around the lasers focal point. The
XUV laser with photon energy Awxyy = 23.01 eV trans-
fers a considerable amount of population from the atomic
ground state to the 153 p state, lying 1.58 eV below the first
ionization threshold. The moderate intensity IR vortex laser
with Ao = 1.55 eV can modify appreciably only the
excited state, resulting in a wave packet that circulates
unidirectionally around the residual ion and induces a
current loop. We confirm this picture by the results of full
quantum dynamic simulations, solving numerically the
three-dimensional Schrodinger equation in the presence
of both laser fields. From the resulting time-dependent
wave functions W(r, 1), we infer the time evolution of the
atomically localized magnetic moment y,. The OAM and
SAM of the vortex IR pulse contribute to the TAM, which
is necessary for generating the Rydberg loop currents j,.

. . . . . . . . ra OV
More insight is gained from inspecting the interaction H;,

between the vortex laser field and an atom near the optical
axis (i.e., at a small radial distance p, of the atom relative to
the IR laser waist wy), for instance an atom at position 1 in
Fig. 1(b). Using cylindrical coordinates, with p and ¢ being
the radial and the angular coordinate with respect to the
propagation direction (along z), we expand to first order in
the small parameter p,/w, around the atom position
r, = (p4,0,0)T. For helicity ¢ = 1 and for m > 1, as an
example, I:Igly reads (see SM [22])

N mao m—1 ) m,
HYY o« — (p—”) qer’ + (p—“) de. (1)
Wo \Wo wo

Here, d is the (axial-radial) dipole operator, § is the
(axial-radial) quadrupole operator, and ¢ is a constant
depending on the IR focusing conditions [23]. From
Eq. (1), which is valid for p,/wy < 1, we learn that the
relative weight of the dipole to quadrupole terms depends
on p, for a fixed topological charge m. The intensity ratio
between the IR and XUV fields determines the relevant p,,
which governs the weight of the multipole contribution,
while the topological charge of the optical vortex tunes the
multipole character of the generated magnetic moment and
the associated magnetic field (see SM [22]). Noting that our
induced magnetic moments may persist for nanoseconds,
one may probe it using (time-resolved) Kerr spectroscopy
[24], neutron scattering [25], or other magnetic field
sensors such as nitrogen-vacancy (NV) centers in diamond
[26]. We use a method best adapted to our available
experimental setup which is dichroism in photoionization.
The energy and angle-resolved spectra of the detected
photoelectron embody signatures of orbital magnetic
moments. For example, Fig. 2(a) shows the photoelectron
spectra for an atom near the optical axis [position 1 in
Fig. 1(b)], which has been magnetized by one XUV and one
IR photon and then the current-carrying state is ionized by
one IR photon [see inset of Fig. 2(c)]. The spectra of the
resulting photoelectron are used to characterize p,. We
compare cases for an IR photon with TAM = 427 (black
curves) or TAM = —2# (red curves). The photoelectron
peaks (sidebands, SB) are separated by the IR photon
energy. The energy and angle-resolved differential cross
sections wran (Eg, 9%) for the emission of electrons with
energy E, along a direction 9, depend on TAM. Thus, we
can introduce the dichroism (blue curve)

D W (Ey, 8%) —w_(Ep. %)
W (E, O) + w_(Ep, &)’

(2)

where + subscripts refer to TAM signs. D changes sign
when switching the observation angle from parallel
(& = 0) to perpendicular (§; = z/2) emission with respect
to the laser propagation axis. The characteristic angular
dependence of the dichroism is related to the photoexcited
magnetic moment u. Absorption of one IR photon with
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FIG. 2. Theoretical prediction of photoionization of an atom close to the vortex optical axis which serves as a measurement instrument
for the photoexcited magnetic moments. Theory results for the angle-integrated energy spectra (a),(d), and angular-resolved differential
cross section (b),(c),(e),(f) for photoelectrons originating from the XUV-IR laser-prepared rotating electronic wave packet of one atom
located near the optical axis [position 1 in Fig. 1(b)]. The laser frequencies are chosen such that the wave packet, upon absorption of one
IR vortex photon, is generated slightly below (upper row) or above (lower row) the single ionization threshold. Insets indicate excitation
scheme. Red (violet) arrows stand for IR (XUV) photon absorption. The IR optical vortex has total angular momentum (TAM) of either

—2h or +2h. The dichroism is plotted with dashed blue lines.

TAM = +2h by an atom in the intermediate state 1s3p
leads to a quantum state with a (normalized) magnetic
moment y, [cf. Eq. (1)]. This is because the XUV photon is
circularly polarized and the angular momentum of the
intermediate state adds up to the IR photon TAM when
creating the rotating Rydberg state. Analytical consider-
ations supported by full numerical simulations evidence
that the electron charge density associated with u, accu-
mulates perpendicular to the light field’s propagation axis.
Changing now the sign of the photonic TAM excites the
atom to a different quantum state with a magnetic moment
u_ that has an opposite sign to 4 . As a result, we expect a
reduced charge density accumulation in the perpendicular
plane, which is evidenced by the DCS of the emitted
photoelectron (more details in SM [22]). It is this distinctive
behavior of y, and x_ which causes the change in sign of
the resulting dichroism D. Importantly, the energy and
angular positions of the zeros in D depend on the presence
or absence of nondipolar contributions (see SM [22]).
The findings regarding , and u_ are valid for IR-excited
states slightly below or above the single ionization thresh-
old, as demonstrated by Fig. 2. In the latter case, the charge
looping unfolds simultaneously with the fragmentation
resulting in a time-dependent y and y_, or in other words,
a photoelectron experiences a magnetic torque pulse with a
duration depending on the photoelectron energy. Since y
and p_ is localized within the range where the atomic
potential varies significantly, its duration can be tuned by
changing the IR frequency, which modifies the photoelec-
tron energy. A typical case is depicted in Figs. 2(d)-2(f) for

an atom at the position 1 in Fig. 1(b). The XUV photon
energy is now adjusted to Awxyy = 24.55 eV, meaning that
a Rydberg manifold is first populated by the XUV photon
absorption. The IR optical vortex acts once the Rydberg state
is populated, generating a rotating and receding (photo)
electron wave packet.

To prove the theoretical predictions, we performed an
experiment corresponding to the scheme depicted in the
inset of Fig. 2(f), where the central photon energy of the
XUV laser field is 24.55 eV. Similar to Figs. 2(d)-2(f), we
measured the DCS of the photoelectrons, deduced the
dichroism D, and compared it with the theory. The XUV
laser pulse stems from the FERMI FEL [27,28] source, and it
is focused down to a Gaussian-shaped spot with a full width
at half maximum (FWHM) of eight microns. The effective
interaction region where the FEL pulse and the IR vortex
intensity profiles (FWHM is 50 um) intersect is restricted to
the vicinity of the optical axis, i.e., the condition for the
theoretical model p,/wy < 1 is fulfilled. We performed two
sets of measurements. In the first set, the IR laser pulse was a
Gaussian-shaped circularly polarized laser pulse giving rise
to circular dichroism [29,30] only (photon OAM is zero).
The DCSs for the first and second sidebands for this case are
shown in Figs. 3(a) and 3(f) and compared to the theory. The
measured circular dichroism D, distributions are shown in
Figs. 3(c) and 3(h), showing a good agreement with the
theory and are in line with existing literature [29-31]. In the
second set, we substitute the unstructured IR fields with
vortex fields carrying the same SAM as in the first set of
measurements but also one quantum of OAM, allowing
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Experimental vs theoretical photoelectron spectra and DCSs for different combinations of IR spin and OAM. Experimental

verification of angular momentum transfers in first and second sidebands (SB) (upper row SB I, lower row SB II). The first two panels
from the left show the individual DCS when the IR field does not carry OAM and is left (CL) or right (CR) circularly polarized (a),(f).
Panels (b),(g) correspond to an IR vortex carrying TAM = £2#. From the measurement we infer the dichroism distributions: circular
(c),(h) and TAM dichroism (d),(i). The outer right panels (e),(j) show the difference between both dichroism types. For a discussion on

the evaluation of experimental error bars, see SM [22].

tuning to TAM = +2A. The corresponding results are
presented in Figs. 3(b) and 3(g). The dominance of the
SAM transfer via dipole transitions is evident when compa-
ring to the first set of measurements. Investigating the corres-
ponding TAM dichroism D, shown in Figs. 3(d) and 3(i),
reveals for the first sideband a small deviation from the
circular dichroism, although the general curves’ shapes are
very similar. The deviation becomes more prominent for the
second sideband (when two IR photons are involved). An
important quantity is the difference between both dichroism
types, i.e., D. — D as presented in Figs. 3(e) and 3(j). The
overall good agreement between the experiment and the
theory endorses our underlying picture about the generation
of u. The remaining differences between the theory and the
experiment are traced back to nondipolar interactions, see
Eq. (1), resulting in moderate changes in the angular
dependence of D. For the first sideband, the nodes of the
OAM-affected dichroism D [Fig. 3(d)] are slightly shifted
toward the propagation axis (toward J; = 0) in comparison
to D, which yields the observed shape and change of signs
of D.—D. At 8, =0 and 9; = n/2 the difference is
practically zero. For the second sideband, the general
difference is even more pronounced but shows a similar
magnitude. Generally, we attribute the difference in the
dichroism types to traces of OAM transfer (to the photo-
electrons) for both sidebands, which survived the averaging
over the randomly distributed atoms from which the photo-
electron signals stem.

Our theory and experiments demonstrate how to laser
generate nanoscale ferromagnetically aligned magnetic
moments and show how to control their characteristics.

The agreement of the results of our ab initio modeling with
the experimental data supports the validity of the general
scheme. In particular, it confirms the femtosecond buildup
of atomically confined directed current densities leading to
the formation of nanometer scale magnetization that lasts for
nanoseconds. At atomic position ‘“2” (see Fig. 1, where the
photoinduced magnetic moment is ~1.5 pp) we estimate an
on-axis magnetic field ~0.1 mT which can be used for
small-amplitude transversal spin excitations [32]. While He
atoms can be handled well both theoretically and exper-
imentally and hence are ideal for a proof-of-principle study,
our scheme is not restricted to He. Rydberg states are a
generic feature of electronic compounds, and their photo-
excitation does not require a symmetry breaking in the
sample. For example, the approach can be applied to
adsorbates such as rare gases that are physisorbed at
magnetically active surfaces [33], allowing us to study
the spatiotemporal material’s magnetic response to the fields
of the photogenerated magnetic moments.
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