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Element-resolved evidence of superdiffusive spin current arising from ultrafast
demagnetization process
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Using element-specific measurements of the ultrafast demagnetization of Ru/FegssCoss hetero-structures, we
show that Ru can exhibit a significant magnetic contrast (3% asymmetry) resulting from ultrafast spin currents
emanating from the demagnetization process of the FeCo layer. We use this magnetic contrast to investigate how
superdiffusive spin currents are affected by the doping of heavy elements in the FeCo layer. We find that the
spin currents are strongly suppressed, and that the recovery process in Ru slows down by Re doping. This is in
accordance with a change in interface reflectivity of spin currents as found by the superdiffusive spin transport

model.
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In 1996, it was found by Beaurepaire et al. [1] that a ferro-
magnetic Ni film can be demagnetized on a subpicosecond
timescale by femtosecond (fs) laser pulse excitations. The
possibility to optically manipulate the magnetization on such
fast timescales paves the way for terahertz (THz) operation
of spintronic devices [2]. Moreover, ultrafast demagnetiza-
tion of Ni results in THz emission being proportional to the
second time derivative of magnetization [3]. Besides techno-
logical relevance, research in this area has led to discoveries
of novel phenomenalike all-optical magnetization switching
[4,5], transfer of THz spin currents [6-8], and the optical
intersite spin transfer effect [9—11]. For the past two decades,
ultrafast magnetization dynamics of magnetic materials has
been probed with fs laser pulses using time-resolved tech-
niques, such as high harmonic generation (HHG) [12,13],
magnetic circular dichroism [14], and spin-polarized two-
photon photoemission [15]. Several microscopic mechanisms
have been proposed to explain the ultrafast dynamics in-
cluding electron-photon mediated spin-flip scattering [16—18],
electron-electron scattering [19], electron-magnon scatter-
ing [20,21], and direct transfer of angular momentum from
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photon to electron mediated by spin-orbit coupling [22,23].
Malinowski et al. [24] first showed that laser-induced spin
transport can enhance the demagnetization in metallic het-
erostructures. Superdiffusive spin transport [25] was proposed
to play an important role in the laser-induced demagnetization
process of metallic magnetic films [6,26-28]. However, other
mechanisms to generate fast spin currents, such as spin pump-
ing were also proposed [29-31], and the origin of optically
induced spin currents is still being debated [32]. Spin-current
injection through spin pumping [29,31] should be favored by
a stronger damping, but, although the latter can be engineered,
e.g., by doping of the ferromagnetic layer, such investigations
are scarce.

Kampfrath et al. investigated the THz emission caused
by the ultrafast laser-induced demagnetization of a Fe layer
adjacent to nonmagnetic Ru- and Au-capping layers [7]. The
measured temporal behavior of the THz spin currents was
very different between the Ru and the Au layers, which was
explained by the different absorption of superdiffusive spin
currents in the Ru and Au layers. In the case of Au, there
are no empty d states and the hot electrons injected into the
sp states with high electron-band velocity will, therefore, be
quickly reflected back into the magnetic layer. In the case of
Ru, the d-band states with lower band velocities will tran-
siently trap the injected spins and, thus, delay the spin current.
However, as only the THz emission was measured, there was
no de facto evidence of a superdiffusive spin current in the
nonmagnetic Ru layer.

In this paper, we investigate the relation between ultrafast
demagnetization and spin current generation as well as effects
of doping and choice of capping layer by using the element-
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specific transverse magneto-optic Kerr effect (T-MOKE) and
superdiffusive spin current simulations. Ru/FegsCoss/Ru and
Cu/FegsCo35/Cu heterostructures are utilized as model sys-
tems where rhenium (Re) is used as a dopant in FegsCoss to
modify the spin dynamics (cf. Fig. S1 in the Supplemental
Material (SM) [33]). The ultrafast spin dynamics is shown
to be strongly dependent on the Re-doping concentration.
A transient spin accumulation, that is significantly reduced
with increasing Re doping, is evident in the Ru layer. This
decreased spin injection with Re doping can partly be assigned
to a decreasing sample magnetization, and potentially a de-
creased spin transport due to scattering at Re sites. However,
our simulations show that an increased electron reflectivity at
the Ru interface due to Re doping results in a good qualita-
tive correspondence to the temporal behavior of the Ru spin
accumulation found experimentally.

The Re-doped (0, 3, 6, and 12.6 at. %) FegsCo3s thin films
were grown on Si0O,/Si substrate at room temperature using
DC sputtering. Layers of Ru (3 nm) and Cu (5 nm) were
used as seed and capping layers. The nominal thickness of
FegsCoss was 20 nm, which was verified by x-ray reflectom-
etry. All characterization details can be found in Sec. I of the
SM [33] and in Refs. [34-36].

The element-specific ultrafast magnetization dynamics of
Fegs5Coss interfaced with Ru and Cu films as a function of Re
doping was studied using a table-top HHG setup [12,37-39].
The table-top HHG setup uses the T-MOKE to measure the
magnetic asymmetry of the signal (cf. Sec. I of the SM [33]).
In the T-MOKE spectrometer, the laser is a chirped pulse am-
plification system running at a central wavelength of 800 nm
with a maximum energy of 2 mJ per pulse and a pulse length
of 35 fs. The sample is magnetized, using a magnetic-field
strength of +80 mT, perpendicular to the plane of incidence of
the incoming p-polarized light [38]. The reflected light from
the sample is recorded with a CCD camera. In order to obtain
a magnetic contrast, the change in reflected intensity at the
absorption edges of the different elements in the heterostruc-
ture was recorded for opposite directions of the magnetization.
The resulting photon-energy-dependent magnetic asymmetry
A(E) is the normalized difference of the reflected intensities
for the two magnetization directions [12,21] and is defined as
follows:

_ L(E)—L(E)
L(E)+1_(E)

where I, (E) and I_(E) are the reflected intensities measured
for the two different magnetization directions. This asym-
metry is proportional to the magnetization of the sample as
discussed in previous studies [12,21,40,41].

Figure 1 shows the measured static Kerr asymmetry of
Ru/Feg5Coss/Ru for different Re concentrations. The asym-
metry is ~10% and ~4% at the M, 3-absorption edge of Fe
(~54 eV) and Co (~60 eV), respectively. The asymmetry
is reduced with increasing Re doping following the same
trend as the saturation magnetization, which has already been
reported [35,36]. An additional large asymmetry is observed
around 44 eV (purple region), which corresponds to the Ru
N, 3-absorption edge. The magnitude of the Ru asymme-
try is comparable to the Fe asymmetry at 54 eV. To verify
that the increase in asymmetry at 44 eV is related to Ru, a
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FIG. 1. Static T-MOKE asymmetries of Ru/Feg;Coss/Ru het-
erostructures with different Re doping (left axis). The different
shaded regions represent the absorption edges of Ru (purple), Fe
(red), and Co (blue). The black solid line corresponds to the calcu-
lated asymmetry for the undoped sample. The right axis shows the
asymmetry of an Cu/FeqsCo35/Cu heterostructure, both experimen-
tally (red squares) and calculated (red dashed line).

Cu/Feg5Co35/Cu heterostructure was studied for which no
significant increase in magnetic asymmetry near to 44 eV
was observed (cf. lower part of Fig. 1). Using the formalism
given by Zak et al. [42], we have calculated the magnetic
asymmetry for the undoped heterostructures and present them
as black solid and red dashed lines in Fig. 1 for the Ru-
and Cu-capped samples, respectively. The magneto-optical
(MO) parameters for Fe and Co were obtained from Willems
et al. [10] and Valencia et al. [43]. MO parameters are only
available above 45 eV and were, hence, interpolated down to
44 eV (cf. Fig. S2, Sec. I in the SM [33]). Both Ru and Cu are
nonmagnetic in these simulations. From these simulations, it
is clear that the weak MO component from Fe around 44 eV
will result in a large asymmetry at the Ru N, 3 absorption
edge, whereas, for the Cu-capped sample, the asymmetry
at 44 eV remains low. Characterization of the Ru interface
utilizing element-specific synchrotron-based x-ray techniques
and first-principles calculations can be found in Secs. II and
IIT of the SM [33].

Figure 2 shows time- and element-resolved measurements
for the Ru-capped 6% Re-doped sample. The blue circles
show the Ru asymmetry during the demagnetization. A large
increase of the asymmetry (~21% as indicated in Fig. 2)
is observed after 100 fs, which has decreased to below its
initial value after 500 fs. The initial rise of the asymmetry
is attributed to spin currents that spin polarize Ru and the
subsequent decreased asymmetry is related to the decreased
asymmetry of Fe, which has a notable contribution at the
Ru edge. The Fe contribution, represented by the fitted red
solid line, can easily be subtracted from the Ru asymmetry
at 44 eV. Note that the Fe asymmetry, measured at 54 eV,
has been normalized to the Ru value before time zero. The
remaining asymmetry then corresponds to the pure spin po-
larization of Ru, shown as green squares. It is clear that the
peak of the Ru spin polarization occurs before the maximum
demagnetization of Fe and that this spin polarization is short
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FIG. 2. The time-dependent magnetic asymmetry measured at
the Ru edge shown with blue circles for the 6% Re-doped sample.
The green squares correspond to the Ru asymmetry after subtracting
the Fe contribution (red solid line). The asymmetry at 44 eV for the
Cu-capped sample after subtracting the Fe contribution is shown with
red triangles. The inset shows the zoom view of Ru asymmetry.

lived (<500) fs. For comparison, we also show the asymmetry
for the Cu-capped sample at 44 eV after subtracting the Fe
contribution (red triangles). It is clear that, in this case, there
is no sign of any spin accumulation and that the asymmetry
follows the Fe asymmetry (cf. Fig. S5, Sec. I in the SM [33]).

It is possible that the index of refraction of Ru at the
absorption edge will be sensitive to absorption of the pump
light and potentially create artifacts in the asymmetry signal
[44,45]. To investigate this, we show the reflectivity at the Ru
edge (44 eV) for the two different magnetization directions
in Fig. 3(a). The data has been normalized to the value of
M+ (blue circles) before time zero after which the M — data
(red squares) has been shifted up by 0.13 to facilitate the
comparison between M — and M+ data. In Fig. 3(b), we show
the calculated reflectivity for the two magnetization directions
(blue and red lines, left scale) and the corresponding asym-
metry (black line, right scale) as a function of the index of
refraction (IOR) of Ru. The horizontal scale corresponds to a
multiplicative factor in the IOR and 1.00, hence, corresponds
to the unpumped case. The blue shaded box indicates the
range that results in the same reflectivity changes as observed
experimentally in Fig. 3(a). Since changing the IOR has a
similar effect on both M+ and M —, we find that the change
in the observed asymmetry due changes in the IOR of Ru is
fairly small. The asymmetry goes from 5.22% to 5.11% as
one moves from 1.00 to 1.005 on the multiplication factor of
IOR, i.e., left and right edges of the blue shaded box, and
it should be noted that the asymmetry decreases rather than
increases when the reflectivity increases. This would suggest
that the spin current asymmetry in Fig. 2 (green squares) is
slightly underestimated, instead of peaking at about 2.5%, it
should peak at 2.6% if compensated for changes in the IOR
of Ru. Similar analysis for FeCo with the assumption that
significant changes in IOR can occur outside the peak resonant
energy for Fe or Co, suggests that the asymmetry could be
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FIG. 3. (a) The time-resolved reflectivity at the Ru edge (44 eV)
for both magnetization directions (M + and M —). At time zero, there
is a sharp increase in the reflectivity that is strongly asymmetric
between M+ and M— (cf. arrow 1). After about 1 ps, there is still
a significant difference in reflectivity due to the demagnetization of
the FeCo layer (cf. arrow 2). After about 4 ps, there has been a
slow increase in the reflectivity for both M+ and M — (cf. arrow 3),
suggesting that the index of refraction has changed. (b) Calculated
dependence of the reflectivity (left axis, blue and red lines) and
asymmetry (right axis, black line) on the index of refraction (IOR)
of Ru. The transparent blue box indicates the experimentally found
range of change in the reflectivity obtained from (a).

slightly overestimated from a value of 2.3%. In Fig. 3(a), we
observe an increase in both M+ and M — intensities at time
zero, suggesting a change in the IOR, however, there is a large
difference in the amplitude of this increase (indicated by the
vertical arrow denoted as 1), which highlights the magnetic
origin of the asymmetry change. The difference between M+
and M — after 1 ps (vertical arrow denoted as 2) is mainly
due to the demagnetization of the FeCo layer. There is a
slow increase in the reflectivity, which saturates after 4 ps
(vertical arrow denoted 3). This would suggest that the initial
increase in reflectivity at time zero is due to a nonthermalized
electron distribution. As the electron distribution thermalizes
the reflectivity decreases, and finally the heat is transferred
from the electron system to the phonon system, again resulting
in an increased reflectivity.

The ultrafast dynamics at the Ru absorption edge for
different Re concentrations are shown in Fig. 4(a). In all mea-
surements, the pump fluence was adjusted so that all samples
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FIG. 4. (a) Ultrafast magnetization dynamics of Ru (after sub-
tracting the Fe contribution) in FegsCoss films with different Re
dopings. An increase in the asymmetry signal is observed after time
zero. The time-dependent change in asymmetry is strongest for the
undoped sample and decreases with increasing Re doping. The ver-
tical black dashed line provides a guide for the position of the Re
6% sample peak position at 130 fs. (b) The extracted mean time of
the experimentally observed asymmetry versus Re doping. The mean
time of the asymmetry provides information about temporal shifts in
the amplitude.

showed a similar amount of demagnetization (~20%) at the
Fe edge. All curves have been smoothed by taking an average
of each point by its nearest-neighboring points, cf. Fig. S6 in
the SM for nonsmoothed data [33]. For the undoped sample,
the peak asymmetry at the Ru edge is about ~3% (black
curve). For the samples with 3 at. % and 6 at. % Re doping, the
peak asymmetry signal decreases to ~2%. Notably, Re doping
attenuates the time-dependent Ru asymmetry significantly,
and for the 12.6 at. % Re-doped sample the asymmetry is
close to the detection limit. A reasonable explanation for this
effect is that Re doping results in enhanced spin scattering,
which effectively blocks the spin current from reaching the
Ru layer as illustrated in Fig. S1(c) of the SM [33]. Also,
the saturation magnetization decreases by 25% from undoped
to 12.6% Re doped samples [35], which certainly should
have a detrimental effect on the spin current. In Fig. 4(b),
we show the mean time of the asymmetry amplitude (i.e.,

mean time = Zzés P A/ Zz(l)s PS A(r), where A(7) is the
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FIG. 5. (a) Computed time-dependent magnetization in Ru.
(b) Calculated spin current in Ru for different reflection coeficients at
the Ru/FeCo interface. (c) The extracted mean time of the simulated
asymmetry versus reflection coefficient. The mean time of the asym-
metry amplitude moves to higher values with an increasing reflection
coefficient.

time-dependent asymmetry). Since the asymmetry at shorter
timescales ~130 fs appears to be affected more by the Re
doping than the asymmetry after 0.5 ps, the mean time shifts
to higher values with increasing Re doping.

In Fig. 5, we show the calculated superdiffusive spin cur-
rent in the Ru layer using the superdiffusive spin transport
model. In this model the laser-induced demagnetization of
FeCo is the source of the spin current [25]. The details of the
model can be found in Sec. IV of the SM [33]. Figure 5(a)
displays the computed laser-induced transient magnetization
of the Ru layer as a function of the spin current reflectivity at
the FeCo/Ru interface, assuming an FejsCog s composition
and using ab initio computed hot electron velocities and spin
lifetimes from Ref. [46]. The magnetization of the Ru layer
consists of two contributions to properly treat the interface,
AMpg, (3 nm) and a small fraction of the magnetization of the
ferromagnetic layer, AMpec,(0.2 nm). This is performed be-
cause in the superdiffusive model material properties change
abruptly from one layer to the other without taking into ac-
count hybridization and other interface effects. We note that
the Ru layer reaches its maximum magnetization at ¢ ~ 60 fs,
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where ¢t = 0 is taken at the peak of the Gaussian laser pulse.
After this fast magnetization, the layer is demagnetized within
0.6 ps. Note that the magnetization becomes slightly nega-
tive due to the demagnetization of the AMFpec,(0.2-nm) layer
that was included at the interface. In Fig. 5(b), we show the
calculated spin current integrated over the Ru layer. Around
the peak Ru magnetization the spin current changes its di-
rection and flows back into the FeCo layer. Except for the
trivial reduction in spin current amplitude when increasing
the reflection coefficient since less spins will transmit through
the interface, we also see a significant reduction in the spin
current that flows back into the FeCo layer. Effectively the
increased reflection coefficient traps the spins more effectively
within the Ru layer, and the reduction in Ru magnetization
will, hence, be increasingly more driven by spin-flip processes
rather than by the backflow. In Fig. 5(c), we have calculated
the mean time of the magnetization in the range between 0
and 0.6 ps, similarly as the mean time was calculated for the
asymmetry in Fig. 4(b). We find that an increased reflectivity
at the interface results in a similar behavior as we find experi-
mentally when increasing the Re doping.

The present measurements are consistent with superdiffu-
sive spin-current injection into Ru, but other models based
on spin injection through magnon spin pumping have also
been proposed [29,31,32]. In the former, the spin current
is generated through the difference in transport efficiency
between majority and minority spins. In the latter, mainly
majority electrons are generated during demagnetization via
electron-magnon interactions, which creates a spin imbalance
and a resulting spin current. Interestingly, the spin-mixing
conductance [47] of the FeCo/Ru interface has been found
to increase with Re doping [35], suggesting that the strong
electron energy dependence of the reflectivity [48] can result
in an enhanced spin-mixing conductance (low-energy elec-
trons) at the same time as the superdiffusive spin current
(high-energy electrons) decreases due to higher reflectivity.
The Gilbert damping parameter («g) is known to increase
when transition-metal films are doped with 4d, 5d, or rare-
earth elements [34,49-51]. For our samples, o increases
more than fourfold for 12.6% Re doping in FeCo [35]. A
magnon-dominated demagnetization process would likely be
sensitive to the Gilbert damping [16], however, we find no
change of the demagnetization time for the different samples
(cf. Fig. S4(a) in the SM [33]). Furthermore, in models based
on spin pumping through magnon damping [29,31,32] more
Gilbert damping would imply an increased loss of spin an-
gular momentum and a spin voltage imbalance building up

at the FeCo/Ru interface, leading to a larger spin current
pumped into Ru. However, this behavior is not seen in our
measurements.

We expect that other nonmagnetic (NM) transition met-
als should exhibit a similar contrast at their respective M
or L edges, if they are used as capping layers. For buried
NM layers, it is unlikely that the signal can be separated
from the much stronger signal resulting from the ferro-
magnetic layer. Previously, observation of laser-excited spin
currents were made with visible MOKE [28,52] and mag-
netic second-harmonic generation [53]. Recently, injection of
nonequilibrium electrons from Fe into Au were measured with
time-resolved photoemission [54]. However, direct element-
selective measurements as presented here of spin injection
in NM metals due to superdiffusive spin currents have not
been reported before. These results are of particular use for
studying devices that emit THz radiation generated from spin
currents [7], a phenomenon that has received attention re-
cently [55-61]. Fig. S10 of the SM [33] depicts the Fourier
transform of the superdiffusive THz spin current in the Ru
layer; the bandwidth is found to be ~18 THz for the undoped
sample, which decreases with increasing Re doping.
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