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One of the key processes setting the speed of the ultrafast magnetization phenomena is the angular
momentum transfer from and into the spin system. However, the way the angular momentum flows during
ultrafast demagnetization and magnetization switching phenomena remains elusive so far. We report on
time-resolved soft x-ray magnetic circular dichroism measurements of the ferrimagnetic GdFeCo alloy
allowing us to record the dynamics of elemental spin and orbital moments at the Fe and Gd sites during
femtosecond laser-induced demagnetization. We observe a complete transfer of spin and orbital angular
momentum to the lattice during the first hundreds of femtoseconds of the demagnetization process.
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Since Beaurepaire et al. discovered in 1996 that ferro-
magnetic nickel can be demagnetized on a subpicosecond
timescale by femtosecond (fs) laser pulse excitations [1], the
investigation of ultrafast magnetization dynamics has
become an intense field of research. Because the observed
demagnetization timescale was several orders of magnitude
faster than for manipulating magnetization via application of
external magnetic fields [2], this topic became not only
relevant for fundamental science, but also for applications
such as futuremagnetic data storage technologies [3]. Recent
studies of ferrimagnetic GdFeCo alloys have revealed an
ultrafast laser-induced magnetization reversal mediated by a
transient ferromagneticlike state [4]; such switching was
purely thermally driven without the need of any other
external stimulus, relying on the exchange coupling between
the RE and TM sublattices [5]. However, one of the key
aspects involved in these processes still remains unclear,
namely, how the ultrafast angular momentum transfer from
and into the spin system is happening during demagnetiza-
tion and switching events [6,7].
Although it is widely accepted that, ultimately, the lattice

should act as the final recipient of angular momentum, like
evidenced macroscopically in the Einstein–De Haas effect
[8], the spin-lattice angularmomentumexchangemechanism
at the microscopic level is actually unknown. For instance, it
is still an open questionwhether themagnetization is reduced
due to a direct transfer of angular momentum from the spin
system to the lattice or if the orbital moment of the electrons
has a dominant role instead, be it as a transient reservoir of
angular momentum and/or as the pivotal means to couple to
the lattice. Recent element-specific demagnetization inves-
tigations of elemental Ni [7] and Co-based alloys [9,10]
interpreted their findings within the framework of these two

scenarios: a direct spin-lattice mechanism has been invoked
in the case of Ni while for CoPd and Co(Gd,Tb) alloys a
faster orbital moment dynamics compared to its spin
counterpart has been observed, presumably due to a laser-
induced quenching of the magnetocrystalline anisotropy.
Although these aforementioned fs x-ray magnetic circular
dichroism (XMCD) studies were the first to provide separate
information on the dynamics of spin and orbital moments in
magnetic materials, they provide no definitive answers
regarding the microscopic mechanism responsible for the
ultrafast dissipation and exchange of angular momentum.
In this work, we investigate the path of angular momen-

tum flow during laser-driven ultrafast demagnetization of
ferrimagnetic GdFeCo alloy. Via the time- and element-
resolved XMCD measurements we are able to disentangle
the transient dynamics of spin and orbitalmagneticmoments
individually at the Fe and Gd sites. Our data provide strong
evidence for a lack of interatomic angular momentum
exchange between Fe and Gd; furthermore, within the
experimental time resolution of 130 fs, we do not observe
any transient increase or accumulation of angular momen-
tum in the orbital momentum degree of freedom of Fe, as
mediated by a potential intra-atomic angular momentum
transfer between the spin (S) and orbital (L) momenta. As
shown below, these findings are in line with a recently
reported mechanism where spin angular momentum is
transferred intra-atomically to orbital angular momentum
via spin-orbit coupling on a timescale of tens of fs (propor-
tional to the spin-orbit coupling strength), while orbital
moment, in turn, is continuously dumped into the lattice on a
much faster timescale of the order of 1 fs [11].
Time-resolved XMCD measurements were performed

at the FemtoSpeX fs-slicing facility of the BESSY II
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synchrotron light source, which provides 100 fs full width
at half maximum (FWHM) soft x-ray pulses with circular
polarization [12]. Soft x-ray radiation is required for
measuring the XMCD at Fe L3;2 and Gd M5;4 absorption
edges, probing the dynamics of the 3dmagnetic moment of
Fe and the 4f magnetic moment of Gd, respectively. The
demagnetization process was driven by linearly polarized
optical pulses of 40 fs FWHM, generated by an 800 nm
pump laser system. The time-resolved data were acquired
in a transmission geometry, employing a pump-probe
scheme. Exciting the sample with a repetition rate of
3 kHz while probing with 6 kHz allowed us to simulta-
neously measure the optically pumped and unpumped state
of the system as a function of pump-probe delay, using a
gated photodetection system. The incident pump laser
fluence used for the pump-probe measurements was
12.9 mJ=cm2 unless otherwise stated (for more experimen-
tal details, see Supplemental Material [13]).
The sample studied was a 20 nm thick amorphous film

of a ferrimagnetic Gd25.3Fe65.4Co9.3 alloy deposited
on a 500 nm thick Al foil and sandwiched between
two Si3N4 layers. The exact sample composition is
Si3N4ð60Þ=GdFeCoð20Þ=Si3N4ð5Þ=AlTið10Þ=Alð500Þ. A
small amount of Co was added to the magnetic film in
order to increase the out-of-plane magnetic anisotropy. Fe
and Co are ferromagnetically coupled and thus forming a
transition metal sublattice of FeCo, which is ferrimagneti-
cally coupled to the rare-earth sublattice of Gd with a
magnetization compensation temperature of 250 K. Atom-
specific XMCD measurements were carried out for Gd and
Fe. All measurements were done at room temperature well
above the magnetization compensation point. In Fig. 1, we
show the static x-ray absorption spectra (XAS) of the
sample measured for opposite magnetic field directions at
the L3;2 edges of Fe and M5;4 edges of Gd and the
difference spectra, corresponding to the XMCD. For the
time-resolved measurements, the photon energy was tuned
to the maximum XMCD magnitude for the element under
investigation.

Measuring time-resolved XMCD data at both L3;2 and
M5;4 absorption edges of Fe and Gd allows us to disen-
tangle the spin and orbital contributions for each element
via magneto-optical sum rules. The sum rules relate S and L
moments to the spectral intensities integrated over the
respective XAS and XMCD spectra and can be derived as
shown in Refs. [16–19] for both 3d transition metals and
rare-earth elements. Note that the sum rules were shown to
be valid even for the highly nonequilibrium states generated
by intense laser excitation of the electronic system [20] (see
Supplemental Material [13]).
In Fig. 2, the measured time evolution of the XMCD at

Fe L3;2 and Gd M5;4 absorption edges is shown as a
function of pump-probe delay. As expected [4], the Fe and
Gd sublattices show different demagnetization dynamics.
In order to retrieve the time constants and magnitude of the
demagnetization process, the XMCD data were fitted using
a single exponential fit function to describe the ultrafast
demagnetization process:

fðtÞ ¼ gðtÞ ⊗
�A; t ≤ 0

A − B½1 − exp ð− t
τD
Þ�; t > 0

; ð1Þ

where τD is the time constant for demagnetization, while A
describes the unpumped XMCD signal at negative delays
with B corresponding to the amplitude of the exponential
decay. By convolution with a Gaussian function gðtÞ, the
time resolution of ≈130 fs (FWHM) is taken into account.
We observe that the Fe sublattice demagnetizes with a time
constant of τL3

ðFeÞ ¼ 201� 15 fs and a pump-induced
maximum change in XMCD of 88%� 1% measured at
the L3 absorption edge, and τL2

ðFeÞ ¼ 204� 24 fs and
91%� 2% at the L2 edge, respectively. The demagnetiza-
tion of the Gd sublattice takes longer with a time constant of
τM5

ðGdÞ ¼ 259� 42 fs and a pump-induced change in
XMCD of 79%� 2% measured at theM5 absorption edge,
and τM4

ðGdÞ ¼ 270� 54 fs and 75%� 2% at theM4 edge.
For each element, both independently determined time

1.0

0.8

0.6

0.4

0.2

0.0

122012001180
Photon energy (eV)

M5

M4

Gd  B 
 B 
 XMCD

(b)
0.4

0.2

0.0

-0.2X
A

S 
an

d 
X

M
C

D
 (

ar
b.

 u
ni

ts
)

730720710700
Photon energy (eV)

L3

L2

Fe  B 
 B 
 XMCD

(a)

FIG. 1. Static soft x-ray absorption (XAS) and XMCD spectra of the studied GdFeCo sample measured in the energy range of (a) Fe
L3;2 and (b) GdM5;4 absorption edges. The XAS spectra (red and black) were recorded with circularly polarized x-ray light by using an
out-of-plane magnetic field B to saturate the sample in opposite directions. Taking the difference of both spectra leads to the XMCD
spectrum (blue). The measurements were carried out with an energy resolution of 0.1 eVusing the ALICE reflectometer [14] at the PM3
beam line of BESSY II [15].
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constants agree within the experimental error and show a
significantly different demagnetization speed at Fe vs Gd
sites with the transition metal sublattice exhibiting faster
demagnetization. This observation is in agreement with the
values reported in the literature for GdFe and GdCo alloys
measured above their compensation temperatures [10,21].
The different demagnetization times of the elements have
been shown to be related both to the magnitude of the
elemental magnetic moments in the alloy (see, e.g.,
Refs. [4,21]) as well as to the equilibrium Curie temperature
of the sample [22]. According to Ref. [22], laser-generated
(lattice) temperatures in the close proximity of the Curie
point (T=TC ¼ 0.8) can lead to faster demagnetization
dynamics of the rare-earth sublattice, thus approaching
the demagnetization speed of the transition metal sublattice.
Results of two-temperature model (2TM) simulations of
GdFe, mimicking the experimental conditions of our time-
resolved XMCD measurements, show that this temperature
regime is indeed reached within 300–500 fs after laser
excitation, with a electron-phonon thermalization time of
≈1 ps (for the output of the 2TM simulations, see
Supplemental Material [13]). This theoretical prediction
is corroborated by our observation of slightly faster

demagnetization times measured for Gd compared to
previous experimental results reported in Refs. [10,21].
Via the sum rules, we disentangle the dynamics of spin

and orbital moments at the Fe and Gd atoms. Their
dynamics are shown in Fig. 3. At Gd sites, we observe a
demagnetization that is purely driven by a decrease of spin
moment with a time constant of τSðGdÞ ¼ 269� 32 fs,
while the orbital moment is zero at all times and not
participating during the demagnetization process. While this
is expected for Gd under quasiequilibrium conditions due to
its half-filled 4f shell that leads to L ¼ 0, the data show that
there is also no transient orbital moment induced by laser
excitation or via transfer of angular momentum during
demagnetization. Thus, within our experimental time res-
olution, the ratio L=S remains zero at all times and any
transfer of angular momentum from or to Gd orbital
moment during the measured timescales (up to 4 ps) can
be ruled out; a similar behavior has been reported for the Gd
sublattice in ferrimagnetic GdCo alloys in Ref. [10], where a
sum rules analysis was carried out for Gd and Co sub-
lattices. At Fe sites, the demagnetization is due to a decrease
of both the spin and orbital moment. Fitting the data yields
the same time constants within the experimental error for
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FIG. 2. Time-resolved XMCD at the (a) Fe L3;2 and (b) GdM5;4 absorption edges of GdFeCo measured as a function of pump-probe
delay. The temporal resolution of the measurement is ≈130 fs. The data are normalized to the unpumped XMCD signal and fitted using
a single exponential function (black solid lines). The error bars are calculated as the standard error of the mean.
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FIG. 3. Time-resolved evolution of spin and orbital moment at Fe and Gd sites during demagnetization extracted by application of sum
rules from the XMCD data shown in Fig. 2. (a) At Fe sites the demagnetization occurs due to a decrease of both spin and orbital
moments, equal in magnitude and speed, leading to a constant L=S ratio (green) during the demagnetization process. (b) At Gd sites, the
demagnetization is purely driven by a decrease of spin moment, while the orbital moment stays zero at all times; implicitly, the Gd L=S
ratio remains also zero and is not shown in the figure. The error bars and shaded areas correspond to the error propagation of the standard
error of the mean.
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both moments, namely, τSðFeÞ ¼ 202� 13 and τLðFeÞ ¼
193� 42 fs. The ratio L=S at the Fe atoms stays also
constant during demagnetization. This finding implies that,
within our experimental accuracy, both spin and orbital
moments decrease equally in magnitude and demagnetize
with the same speed. This behavior is different from XMCD
results on the transition metal sublattices of Co in CoGd and
CoPd reported earlier [9,10]. These latter reports showed a
slightly faster and more pronounced orbital momentum
quench compared to the spin moment, leading to a transient
change of the ratio L=S. This behavior is not present in our
case for the Fe sublattice and can be ascribed to the stronger
spin-orbit coupling and magnetocrystalline anisotropy
present in Co with respect to Fe [23]. It is worth mentioning
here that bcc Fe has the smallest spin-orbit coupling
constant among the 3d ferromagnets Ni, Co, and Fe: the
calculated spin-orbit coupling constants are 70, 90, and
110 meV for Fe, Co, and Ni, respectively [11,23]. From the
transient dynamics of L and S at Fe sites we can conclude
that, within our time resolution of 130 fs, there is no
transient increase or accumulation of angular momentum in
the orbital moment of Fe. Note that this does not exclude the
existence of significantly faster angular momentum transfer
processes, e.g., from orbital moment to the lattice, as long as
this does not provide a bottleneck for angular momentum
transfer as discussed below.
Comparing the spin and orbital moment dynamics at Fe

and Gd sites, the different time constants of the element-
specific angular momentum decay become apparent.
Taking this into account, there is also no indication for a
transfer of angular momentum between both sublattices
during the first hundreds of femtoseconds. Otherwise, as
Gd carries a much larger amount of magnetic moment per
atom compared to Fe [21], one would expect to see a
significant increase of demagnetization or even switching at
Fe sites on the same timescale when Gd demagnetizes; this
is obviously not the case; see Fig. 3. Note that it is also not
possible to explain the observed loss of angular momentum
by nonlocal processes like spin currents, which could
transport angular momentum out of the probed area
[24]. Because the magnetic layer is sandwiched between
two insulating Si3N4 layers and probed throughout its
entire depth in transmission geometry, the observation of
any demagnetization effect based on transport of magneti-
zation out of the probing area, such as spin transport, can be
ruled out. While a lateral spin transport can occur, it was
shown by x-ray scattering experiments in Ref. [25] to
happen only on the nanometer length scale, thus averaging
out over our macroscopic probing volume, which was
overfilled by the infrared pump beam. Thus, the observed
loss of angular momentum can only be explained by a local
process involving a transfer to another reservoir.
The lack of an interatomic Fe-Gd exchange of angular

momentum can be understood in terms of an electronic
temperature dominated regime directly after laser excitation,

when the electronic temperature of the system exceeds the
Curie temperature, leading to a paramagneticlike behavior
with negligible exchange interaction between both sublat-
tices [26]. By ruling out that the orbital moment at both Fe
and Gd sites serves as an angular momentum reservoir, and
because of the lack of angularmomentumexchange between
Fe and Gd on the observed timescales, the only remaining
possibility is a full transfer of spin and orbital angular
momentum to the lattice.
Recent theory work suggests the existence of such an

ultrafast, spin-orbit mediated dissipation of angular momen-
tum in ferromagnetic transition metals. By developing a
many-body theory of ultrafast demagnetization, the authors
in Ref. [11] demonstrate a transfer of angular momentum
from spin to orbital moment on timescales of ≈10 fs,
governed by the strength of the elemental spin-orbit inter-
action. In parallel, the transfer of the orbital momentum to
the lattice is required by the fact that Lz is not a conserved
property at one atom in the solid, taking the interaction with
neighboring atoms into account. In a Hubbard-like picture,
the interatomic hopping integrals are on the order of 1 eV,
resulting in a time constant of the order of 1 fs for the transfer
of orbital angular momentum to the lattice. This mechanism
can beviewed as a dynamic quenching of the orbitalmoment
within the crystal field potential of the lattice. Given that this
process is significantly faster than the spin-orbit mediated
transfer into the orbital moment, no accumulation of orbital
moment can thus be observed on the spin-orbit timescale
[11]; i.e., the spin-orbit interaction mediated step of angular
momentum transfer from the spin moment to the orbital
moment is the rate-limiting step in the flow of angular
momentum to the lattice as the ultimate sink; hence, the
transfer fromorbitalmoment to the lattice is not a bottleneck.
Our experimental observations support this picture in that
we see no accumulation of orbital angular momentum, nor a
transfer of angular momentum between different elements
on a sub-ps timescale. Our findings are in line with a very
recent study showing that angular momentum generated
upon laser-driven demagnetization of ferromagnetic Fe can
indeed appear in the phonon system on a timescale of few
hundred fs [27]. Future experiments with few-fs temporal
resolution on conventional 3d and 4f magnets will be
required to test if orbital angular momentum does indeed
accumulate on this timescale. As the timescale is inversely
proportional to electron hopping probabilities and hence
also to the 3d or 4f bandwidth, we suggest that the
comparison of L and S demagnetization time constants of
3D and 2Dmagnetic systemsmay provide a route to directly
witness the final disappearance of angular momentum from
the electronic system.
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