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I. METHODS

A. Time propagation and magnetic field emission

We perform ab-initio calculations of the laser-atom interaction in the the multi-system
framework of the OCTOPUS open-access code [II,2]. The multielectron dynamics are modeled
with time-dependent density-functional theory (TDDFT) by solving in real-time and real-
space the time-dependent Kohn-Sham (KS) equations[3] in the length gauge of the dipole

approximation:
0 1
iz lon (1) = | =5V +vkes(r,1) | len* (#) (1)
The KS potential
Vis(r,t) = Vion + v (T, t) + vgen(r, t)] — r - E(t) (2)

reproduces the multi-electron density n(r,t) = > [(r|p&9(¢))|? associated to the KS or-
bitals pX°(r,t), being n the orbital index. The KS potential includes the usual terms
describing the electron-nuclei interaction v;,, (which includes also an effective core-electron
shell described with norm-conserving pseudopotentials[4]), the Hartree potential vy (r,t) =
[ &3 ﬁ(r_—l’z, the exchange-correlation functional v, in the widely-used adiabatic local den-
sity approximation including a self-interaction correction[5], and the dipole term of the elec-

tric field interaction —r - E(¢). The equations are given in atomic units (a.u.).

The electric dipole approximation is a long-established approach for modeling strong
laser-matter phenomena at non-relativistic electron energies and considering laser fields
whose wavelength and spatial dependence are much larger than the atomic scale. In the
dipole approximation, the magnetic field of the laser pulse is neglected.

For our calculations, the equation of the total electric field E(t) associated with the train
of counterrotating circularly-polarized laser pulses is written as a sum over m, the number

of pulses, with electric field amplitudes FE,,, time delay t;, wavelength A, and a 4-cycle pulse
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duration 7 = 8 /A:

In this expression, © denotes the Heaviside function, and the unitary vector Lz(uX + quy)
determines the right or left circular polarization (where i is the imaginary unit). The field
amplitudes F,, have been varied between the range of 0.10 a.u. to 0.20 a.u, corresponding
to peak intensities within 0.40 PW/cm? and 1.40 PW/cm?. The driving central wavelength
has been set to 800 nm, 400 nm and 267 nm, corresponding to the emission of the standard
Titanium-sapphire laser (800 nm), its second harmonic (400 nm), and third harmonic (267
nm). Thus covering the infrared, visible and ultraviolet regions of the electromagnetic
spectrum.

For our study, the relevant observable is the microscopic current density:

A(t)

c

i) = 550 0) (=09 4+ 2 i) el e

where the dipole vector potential associated with the laser pulse is a time-dependent function
upholding A(t) = — [7°cE(t). Concretely, in our setup of collinear circularly polarized
laser pulses, the induced electronic current flows along the azimuthal direction, ¢, so that

the important component is

Jo(r,t) = ju(r,t) cos(@) + j,(r, 1) sin(¢). (5)

This electronic current acts as a source term in the microscopic Maxwell equations to yield
a magnetic field along the light propagation direction (z). Therefore, synchronously to the

TDDFT approach, we numerically solve the microscopic Maxwell’s equations:

p

v-E-2, V.B=0 (6)
0

. 10E 0B
VXB—/LO‘]—F;E, VXE——E, (7)

where p, €y, 1o, and c are the charge density, the vacuum electric permittivity, the magnetic

permeability, and the speed of light, respectively.
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Our calculations are performed in the multi-system framework of OcTopPUS|[l] that uses
the Riemann—Silberstein vector representation in forward coupling[2] (where only the in-
coming electromagnetic field is considered in the laser-matter interaction, thus neglecting
the back-response that the electronic current could have on the electromagnetic field). This
formalism is thoroughly described in section II of ref. [I], and chapters III and VI of ref. [2].

Both the KS and the Maxwell (MX) coupled solvers are numerically discretized over a
cartesian grid with temporal steps of Atgg = 0.01 a.u. and Aty x = 0.001 a.u, spatial
spacing Arxs = Aygs = Azxs = Az x = Aynx = Azyx = 0.2 a.u., with spatial box
length Lig = 50.0 a.u., Ly;x = 53.2 a.u. in each direction, using an imaginary absorbing
potential of 20 a.u. width in the KS solver, and another absorbing boundary of 1.6 a.u. at
the edges of the MX mesh. These parameters were chosen to guarantee the convergence and

a consistent propagation.

B. Macroscopic analytical model details

We extend our analysis to a macroscopic target composed of many ring currents in order
to mimic the gas jets employed in experiments. Our analytic model for the longitudinal
component of the total magnetic field, B,(r), considers multiple stationary independent

filamentary ring currents placed on random positions and separated by an average distance

(d), so that
B.(x)= 3" Boyl), 5)

where / is the loop index. The radius of the current loops is set to a = 0.2, which is roughly
the value obtained in TDDFT. Then, the off-axis magnetic field of each ring current is given

by [6]:

Bualeond) = s (€001 50 4. )

where By is the magnetic field at the center of the loop, a = \/m Ja and 8 = z,./a are
the radial and longitudinal angles respectively defined in terms of the relative coordinates
(Try Yy 2r) = (¥ — T,y — Yo, 2 — 20), Whose origin is randomly fixed at the center of each
current loop (o, Yo, 20). For a more compact equation, the dimensionless parameters () =
(14 a)?+ p? and k = \/4a/Q are defined. The complete elliptic integral functions of the

first and second kind[7], x(x) and £(k) respectively, are computed numerically. Overall, this
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model enables a rough estimation of the spatial scaling of the magnetic field emission from
a macroscopic target, which in our case simulates a gas jet, but it could be applied to other

systems, such as nanostructures.

II. ADDITIONAL RESULTS

A. Results at different gauges and without pseudopotentials

We compare the results of the time-dependent KS equations in the length and velocity
gauges of the dipole approximation. Formally, both approaches should be fully equivalent,
but of slightly different numerical costs. In the velocity gauge, the analogous equations are

the following:

i) = E (-iv+22) 4 va<r,t>] B0 (10)
Vis(r,t) = Vion + v (r,t) + vgen(r, t)] (11)

This comparison is performed for an 8 cycles pulse, 800 nm central wavelength, 1.40
PW /cm? envelope’s peak intensity, Arxs = Ayxs = Azgs = 0.40 a.u., and Atgg = 0.40
a.u. The results in Fig. (a) obtained in the different gauges show a good agreement
before the maximum of the laser pulse, but there is a small ~ 12% discrepancy in the
maximum value of the azimuthal current. This discrepancy arises due to the different
analytical definitions of our input external fields, based on E(t) or A(t) (related by a time
derivative or integral). Thus, the effect is associated with a difference in the carrier-envelope
phase (CEP) of the pulse. Still, we can conclude that either the length or velocity gauges
are a valid approach to describe the phenomenology.

We have also investigated the influence of using pseudopotentials to describe the inner
electron core-shell (1s orbital for Ne), which greatly reduces the required computational
resources. To test whether this could introduce any numerical artifact, we performed an
all-electron calculation test for a 4 cycles pulse, 267 nm central wavelength, 1.40 PW /cm?
peak intensity, Argg = Ayxs = Azgs = 0.40 a.u., and Atgg = 0.40 a.u. In Fig. [Ifb)
we observe that a similar evolution is captured, apart from numerical instabilities in the

all-electron calculation, likely appearing due to the employed grid spacing, which is not
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properly capturing the spatial structure of the 1S orbital. Such artifacts could be removed
by employing tighter grid spacing. Nevertheless, we can infer from our test that the pseu-
dopotential approach provides a proper description of the azimuthal current, and that core

electron contributions are negligible.
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FIG. 1. Comparison of different theoretical models of the multielectron dynamics.

B. Spatial distribution of the magnetic field from a single emitter

With our coupled KS-MX ab-initio approach, we study the interaction of a Neon atom
with a driving laser pulse of 267 nm central wavelength at a peak intensity of 1.4 PW /cm?
as in the main text. In the case of a single-atom emitter, the magnetic field is extremely
localized. The spatial distribution of the longitudinal component, B,(r,t), is shown in Fig.
2l The left and right panels show the dependence along the longitudinal and transversal
axis respectively. The magnetic field is expressed in Teslas, whereas the spatial coordinates
are given in a.u. We remark that the magnetic field shows an ultrafast turn-on and then it
persists after the interaction with the laser pulse. The driving electric field is superimposed
in the figures (grey line) for reference. As discussed in the main text, this magnetic field
can be temporally confined and modulated by using a train of counterrotating circularly-
polarized pulses. Still, the magnetic field’s spatial degrees of freedom are preserved in all
those cases.

Another interesting observation is that the driving laser also causes an emission of a
weaker transversal circularly-polarized magnetic field component (see Fig. |3) that oscillates

with the driving frequency of the laser. However, we keep in mind that these components
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FIG. 2. Longitudinal component of the magnetic field B,(r,t) along (a) the longitudinal axis and
(b) the transversal axis during the interaction driving laser pulse (shown in grey line in arb.u.)
at 1.4 PW/cm? peak intensity and 267 nm of central wavelength. Note that the magnetic field

persists after the end of the driving pulse.

spatially and temporally overlap with the driving laser, and vanish when after the laser

pulse.
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FIG. 3. Transversal magnetic field components dependence along the longitudinal axis: (a) By(r,t)
and (b) By(r,t), during the interaction driving laser pulse (shown in grey line in arb.u.) at 1.4

PW /cm? peak intensity and 267 nm of central wavelength.
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