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Ultrafast dynamics of orbital angular momentum of electrons induced by femtosecond
laser pulses: Generation and transfer across interfaces
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The orbital angular momenta (OAM) of electrons play an increasingly important role in ultrafast electron and
magnetization dynamics. In this theoretical study, we investigate the electron dynamics induced by femtosecond
laser pulses in a normal metal, a ferromagnet, and a ferromagnet/normal metal heterostructure. We analyze the
spatiotemporal distributions of the laser-induced OAM and their respective currents. Our findings demonstrate
that a circularly polarized laser pulse can induce a sizable and long-lasting OAM component in a normal metal.
Furthermore, an interface between a ferromagnet and a normal metal facilitates the demagnetization of the
magnet by the OAM contribution to the total magnetization. Finally, to transfer OAM from a ferromagnet into a
normal metal, it is advantageous to use a laser setup that induces the desired OAM component in the ferromagnet,

but not in the normal metal.
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I. INTRODUCTION

In recent years, there has been significant attention given
to ultrafast phenomena in condensed matter physics. While
much of the focus has been on the spin angular momentum
(SAM) of electrons, which has led to the field of spintron-
ics, the closely related orbital angular momentum (OAM)
of electrons has also emerged as an important topic in its
own right [1-3]. Orbitronic devices are seen as a potential
alternative to electronic and spintronic devices [4—6].

A number of ultrafast phenomena are well described
by means of SAM, for example, the optical manipulation
of magnetic moments [7-9], the demagnetization of fer-
romagnets [10-12], and the transfer of magnetic moment
between ferromagnetic layers [13-15] as well as across
magnet/normal metal interfaces [16-18]. Moreover, fem-
tosecond laser pulses induce SAM in nonmagnetic and
magnetic samples [19,20].

Spin-orbit coupling is not only ubiquitous in solids but also
indispensable for most of the phenomena mentioned above.
Therefore, a question arises regarding the contributions of the
OAM to these effects (recall that SAM and OAM add up
to the total angular momentum). In this respect, we need to
address several issues such as: what components of the OAM
are induced by femtosecond laser pulses, what is their mag-
nitude, and what is their spatiotemporal distribution? In this
paper, we report on a theoretical study where we investigated
photo-induced OAM and their currents in Cu(100), Co(100),
and a Co/Cu(100) heterostructure excited with femtosecond
laser pulses.

Our findings, based on investigations of a Cu(100)
film, reveal a pronounced and persistent presence of laser-
induced OAM in the direction of the OAM current which
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propagates through the sample. Furthermore, in the context
of a Co/Cu(100) heterostructure, we observe that the inter-
action at the interface between a ferromagnet and a normal
metal facilitates the demagnetization of the magnet due to the
OAM contribution to the overall magnetization. Notably, for
efficient transfer of OAM from the ferromagnet to the normal
metal, careful consideration should be given to the polariza-
tion configuration of the laser pulse. Specifically, inducing the
desired OAM component exclusively within the ferromagnet,
rather than in the normal metal, proves advantageous.

Our study offers valuable insights into the ultrafast dynam-
ics of electron orbital angular momenta. These dynamics are
determined by both the electronic and magnetic properties of
the samples as well as by the laser pulse characteristics.

II. THEORETICAL ASPECTS

We briefly present the main ideas of our approach to ultra-
fast electron dynamics, EVOLVE, since it has been described
elsewhere [20-22].

We consider free-standing films of Cu(100), face-centered
cubic Co(100), and Co/Cu(100), each with a thickness of 40
layers (20 layers each for Co/Cu). The Cartesian x axis is
perpendicular to the film, and periodic boundary conditions
are applied in the y and z directions. The local magnetic
moments in Co(100) and Co/Cu(100) are collinear and point
along the z direction (Fig. 1) [23].

The electron dynamics is described by the von Neumann
equation (in Hartree atomic units)

dp(t)

—i— =), H@)l ey

for the one-particle density matrix

p@) =" 1) pun(®) (m. )
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FIG. 1. Geometry of a fcc Co/Cu(100) heterostructure. The film
is composed of 40 layers stacked in the x direction, with 20 layers
of both Co atoms (blue spheres) and Cu atoms (orange spheres). It is
infinite in both the y and the z direction. The Co magnetic moments
point along the z direction (black arrows). A circularly polarized laser
pulse is incident within the xz plane onto the sample.

{|In)} are the eigenstates of the Hamiltonian H, which de-
scribes the electronic structure of the samples in tight-binding
form [24,25]. Collinear magnetism and spin-orbit coupling
are included [26].

The time-dependent Hamiltonian H(r) in Eq. (1) sup-
plements A, by the electric field of the femtosecond laser
pulse [27]. This field is a coherent superposition of s- and
p-polarized partial waves with energy » and with a Lorentzian
envelope. In this paper we focus on excitation by circularly
polarized light with helicity oy impinging within the xz plane
onto the films with a polar angle ¥,, = 45° of incidence
(Fig. 1). All atomic sites are illuminated simultaneously and
with the same laser intensity. Hence, we assume that the laser
pulse’s spatial extent is considerably larger than the sam-
ple’s thickness. In an experiment for a thick sample, the laser
intensity would vary across the slab, thereby introducing an
additional occupation inhomogeneity, which complicates the
interpretation of the results. Our assumption avoids this com-
plication.

The geometry of the entire setup dictates what components
of the orbital angular momentum (L) can be produced by
the incident radiation [20,28]. As for the spin angular mo-
mentum (SAM) components (S*), all three components (L")
(u = x,y, z) of the OAM can be induced in both nonmagnetic
and magnetic samples by circularly polarized light.

The spatiotemporal properties of an observable O are ob-
tained by taking partial traces in the expectation value
(0)(t) = tr[p(t) 0], with the density matrix in an appropriate
basis; partial trace means that the trace is restricted to the
desired subspace, e.g., to a specific site, orbital, or OAM
component. We address the OAM ([;)(z) at site i and its
site-averaged (global) companion

<mmz%2mm» 3)

1

in which the summation is over the N sites in a sample’s
unit cell. Similarly to the SAM currents in Ref. [20], OAM
currents are computed from the symmetrized form

(je)@) = LAL" ju) @) + (L") (@),

in which the operator ji; for the current from site / to site k
is derived from Mahan’s expression (cf. Ref. [29, page 25].

w=x,y2z @

0.05

‘ ‘[!“H““HIHW

(1

-0.05

(12B)
0.00045

-0.00045
(arb. units)

FIG. 2. Photo-induced orbital angular momentum (OAM) in
Cu(100) is excited with a circularly polarized laser pulse with helicity
o,. (a) Site-averaged (global) OAM (L*)(t), u = x,y, z. Thicker
lines represent the data convoluted with a Gaussian with standard de-
viation o = 10 to better visualize the main trends. (b) Spatiotemporal
distribution of (/*)(¢) depicted as a color scale. (c) OAM current
(Jz;)(t) across the sample. Arrows indicate the crisscross pattern. The
color bars indicate positive (red) and negative values (blue) of (/*)
and (j;;) in panels (b) and (c), respectively. Dashed vertical lines at
t = 0 fs mark the laser-pulse maximum.

Here, we focus on nonequilibrium currents across the films
(along the zigzag path in Fig. 1), since these are important
for OAM transfer within stacked samples (as often used in
experiments).

In all simulations discussed below, the laser has a photon
energy of 1.55 eV, a fluence of about 3.3 mJ cm~2, and is
modulated with a Lorentzian with a width of 10 fs and cen-
tered at t = O fs. All samples comprise 40 layers, with sites 0
and 39 defining the bottom and top surfaces, respectively.

III. RESULTS AND DISCUSSION
A. Cu(100)

A circularly polarized laser pulse induces all three OAM
components [panel (a) of Fig. 2]. As has been found for the
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SAM [20], all components of (L) exhibit rapid oscillations
that are associated with the laser’s frequency. Both (L”) and
(L*) fluctuate slowly about O ug after the pulse. Strikingly,
(L*) 1is increased within 10 fs and oscillates about an almost
constant value of 0.05 ug per site [thick blue spectrum in
panel (a) of Fig. 2]. This finding implies that an OAM compo-
nent of measurable magnitude persists considerably long after
the femtosecond laser pulse in a nonmagnetic sample.

The spatial distribution of (/) is uniform across the sam-
ple, as evidenced by the negative (blue) onset before the
laser-pulse maximum and the plateaulike positive (red) dis-
tribution after the laser pulse [panel (b) of Fig. 2]. Minor
deviations from this uniformity resultin an OAM current (j,),
which is strongest at the surfaces [sites 0 and 39; panel (c) of
Fig. 2] at ¢ =~ 0 fs and moves toward the center of the sample.
This creates an antisymmetric crisscross pattern [arrows in
panel (c) of Fig. 2]; there is no net flow of OAM at any time
t because of this antisymmetry. In a semi-infinite sample, an
x-polarized OAM current (j;;) would be observed starting at
the surface, similar to the OAM of electron beams, which is
also oriented in the propagation direction [30].

B. Co(100) and Co/Cu(100)

After successfully establishing sizable and long-lasting
laser-induced OAM in copper, we now shift our attention
towards magnetic systems.

For a Co(100) sample, one can observe a reduction of
the SAM, well-known as demagnetization [10,20-22]. The
z component of the OAM is strongly modulated during the
pulse but remains constant thereafter [shown in green in panel
(a) of Fig. 3] and has a magnitude similar to the intrinsic (/%)
(0.07 wg, which is in agreement with published data [31]).
This result suggests that OAM does not significantly con-
tribute to demagnetization in homogeneous magnetic samples,
at least in fcc Co. It is worth noting that a laser pulse with
opposite helicity o_ also does not lead to orbital demagneti-
zation (not shown here).

In the context of the Co/Cu(100) heterostructure, (L?) is
reduced to approximately 0.04 pg, representing a relative de-
crease of roughly 35 % [green in panel (a) of Fig. 4]. This
finding suggests that inhomogeneities play an important role
in orbital demagnetization, a phenomenon that has already
been established for the SAM [20,21]. In an inhomogeneous
sample, the interface acts as a source for both SAM and OAM
currents, which we attribute to the local imbalance of spin-
dependent (SAM) or (/) occupation. Note that in a previous
work a detailed microscopic mechanism has been revealed:
the transfer of angular momentum across the interface arises
from a “backflow mechanism” from the Cu into the Co region.
Right after the laser pulse the occupation of spin-down d
orbitals of Co sites is increased, whereas spin-down d orbitals
of Cu sites near the interface are depopulated. For more details
see Ref. [21] and references therein.

In contrast to Cu(100), (L*) is relatively small in both
Co(100) and Co/Cu(110) (about 0.01 ug) but persists, as
well. Moreover, there is no precession of (L) before the pulse
maximum [32], which differs from the SAM [20].

Inspecting the spatiotemporal OAM-current distributions
shows a crisscross pattern for Co, similar to that for Cu,
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FIG. 3. Same as Fig. 2 but for face-centered-cubic Co(100). Re-
call that the OAM of Co has an intrinsic z component of 0.07 pg
[green in panel (a)].

again without net flow of OAM currents. The pattern for
Co/Cu(100) is slightly more complicated, but neither indi-
cates a pronounced transfer of OAM across the interface,
especially from Co into Cu.

For Co/Cu(100) we found a pronounced dependence of
the SAM distribution on the laser’s polarization [20], which
suggests to replace circularly polarized light by p-polarized
light (electric field oscillates in the xz plane; Fig. 1) in order
to evoke transfer of OAM from Co into Cu. Recall that (L¥) is
not induced by p-polarized light in Cu but in Co [33].

Indeed, the negative (/})(¢) induced at about t =0 fs in
the Co region [dark blue region for sites O to 19; panel (e) of
Fig. 4] is transferred into the Cu region (oblique blue stripe
starting at the interface). In addition, the oscillations of (I)
shortly after the laser pulse (red-blue from 10 fs to 20 fs)
propagate into the Cu region, visible as oblique stripes. The
pattern is perhaps better visible in the distribution of (j};)
[panel (f) of Fig. 4]: the crisscross motif discussed before
“spills over” from the Co region into the Cu region. This holds
for the z-OAM as well (not shown here). Consequently, it is
possible to transfer OAM from a ferromagnet into a normal
metal using an appropriate laser pulse.
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FIG. 4. Same as Fig. 2 but for a Co/Cu(100) heterostructure excited with circularly polarized [top row, panels (a)—(c)] and p-polarized

laser pulse [bottom row, panels (d)—(f)].

IV. CONCLUDING REMARKS

Our theoretical investigation yields these results: a siz-
able and persistent OAM component can be induced in
Cu by a circularly polarized laser pulse; an interface be-
tween a ferromagnet and a normal metal facilitates the
demagnetization of the magnet, not only for the SAM [20]
but also for the OAM contribution to the total magne-
tization; in order to transfer OAM from a ferromagnet
across an interface into a normal metal it appears ad-
vantageous to use a setup in which the respective OAM
component is not induced in the normal metal; this con-
cerns, in particular, the polarization of the femtosecond laser
pulse.

Standing to reason, these findings call for experimen-
tal verification, which might be challenging. It is not just
that experiments on ultrafast timescales are demanding, it
may be intricate to disentangle the spin and orbital contri-
butions to the total angular momentum. Nevertheless, OAM

currents have been measured in a recent experiment using THz
emission spectroscopy [34]. In that work ferromagnet/normal
metal heterostructures have been excited by femtosecond laser
pulses. As suggested in Ref. [35], a suitable method for
probing orbital currents could be similar to the indirect de-
tection of spin currents via accumulated angular momentum
at the edges of a sample via the magneto-optical Kerr effect
(MOKE) [36-38]. In addition, x-ray magnetic circular dichro-
ism (XMCD) measurements [39,40] allow to discriminate
SAM and OAM; being element-specific they provide also de-
tails on the OAM in regions of heterostructures. Moreover, we
consider it worthy to investigate other materials and material
combinations.
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