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Transient Spin Injection Efficiencies at Ferromagnet—Metal

Interfaces

Peter Elliott, Andrea Eschenlohr,* Jinghao Chen, Sam Shallcross, Uwe Bovensiepen,

John Kay Dewhurst, and Sangeeta Sharma

Spin injection across interfaces driven by ultrashort optical pulses on fem-
tosecond timescales constitutes a new way to design spintronics applica-
tions. Targeted utilization of this phenomenon requires knowledge of the
efficiency of non-equilibrium spin injection. From a quantitative comparison
of ab initio time-dependent density functional theory and interface-sensitive,
time-resolved non-linear optical experiment, the spin injection efficiency (SIE)
at the Co/Cu(001) interface is determined, and its microscopic origin, i.e.,
the influence of spin-orbit coupling and the interface electronic structure, is
discussed. Moreover, we theoretically predict that the SIE at ferromagnetic—
metal interfaces can be optimized through laser pulse and materials param-
eters, namely the fluence, pulse duration, and substrate material.

1. Introduction

Spin injection is at the heart of a potential new electronics based on
spintronics(! and valleytronic?! devices. Device applications require
optically driven spin injection, a phenomenon already realized in
metallic heterostructures on femtosecond (fs) timescales.> ™! For
ultrafast spintronic concepts, the appropriate structure consists of
a non-ferromagnetic metal in contact with a ferromagnetic metal.
Light induced excitation of the ferromagnet causes a spin-selective
excitation due to the exchange-split band structure, with the flow
of spin current across the interface leading to spin injection into
the non-ferromagnetic metal. However, not all of the spins excited
in the ferromagnetic layer are transferred into the non-ferromag-
netic counterpart due to several mechanisms, chiefly charge car-
rier spin-flip scattering. For a realistic utilization of these ultrafast
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spin currents, knowledge of the efficiency
of this fs spin injection and the micro-
scopic mechanisms behind it are necessary,
in particular in order to understand any
fundamental limitations and to allow for
optimization of the spin injection process.
The manipulation of magnetization through
optically induced spin currents has already
been demonstrated, namely ultrafast demag-
netization®®7% as well as the excitation of
small-angle precession, ie., GHz and THz
spin waves.'”"™ In particular, spin transfer
torque (STT) was induced through sub-
picosecond laser-driven spin currents, and
optical spin torque through circularly polar-
ized pump pulses has been demonstrated at
heavy metal-ferromagnet interfaces.">% We aim to show the way
to determine and increase the spin injection efficiency such that
future ultrafast spintronics applications become possible, through
generating microscopic insight by a combination of time-resolved
experiment and ab initio theory.

Crucially, the non-equilibrium spin injection is concentrated
in a sub-100 fs pulse and thus generates a transient spin current
with high peak intensity. Since the non-equilibrium spin injection
is induced by optical excitation and consists of a spin-dependent
charge current, not only states near the Fermi level are involved,
but those in a several eV wide energetic region around it, as given
by the photon energy of the pump laser pulse. This distinguishes
non-equilibrium spin injection from a magnonic spin current that
is driven electrically under equilibrium conditions."7)

The efficiency of spin injection can be estimated by meas-
uring the ratio of the amount of spin-moment lost in the
ferromagnetic material and the amount gained by the non-
ferromagnet. Experimental estimates of the spin injection
efficiency (SIE) from a transition metal ferromagnet into a non-
ferromagnetic metal with fs time resolution have been reported
for selected interfaces. For polycrystalline Ni—Au interfaces, a
SIE of =50% at <500 fs has been inferred from the decrease
of the magnetization in the ferromagnetic layer as compared
to the induced magneto-optical signal in the non-ferromagnetic
substrate, with the help of model calculations assuming super-
diffusive spin transport.?”! In our previous study of 3-5 mon-
olayers of epitaxial Co on Cu(001), we found a SIE of 25-40%
at 35 fs after optical excitation via comparison of interface-
sensitive magneto-optical measurements of the Co demag-
netization and ab initio calculations of the transiently induced
Cu spin moment.?!! In this case, we found optically induced
intersite spin transfer (OISTR)!?% to be the dominating mecha-
nism for spin transfer across the interface. Furthermore, the
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combination of ab initio quantum transport calculations and
interface-sensitive magneto-optical experiments on epitaxial
Au/Fe/MgO(001) heterostructures allowed for an estimate of
70% of the spins within a 250 fs long spin current pulse trans-
ferring torque at the Au-Fe interface.?’]

So far, no systematic and material-dependent under-
standing of ultrafast spin injection has been achieved, owing
to the experimental difficulty and theoretical complexity of
this process. Especially the influence of the interface elec-
tronic structure and morphology as well as the spin-orbit
coupling (SOC) strength should be considered in a proper
description of the non-equilibrium state. Moreover, the details
of the optical excitation, namely the photon energy, dura-
tion, and fluence of the driving laser pulse, can be expected
to determine the fundamental light-induced processes under-
lying the SIE.

This motivates the use of ab initio theory, namely time-
dependent density functional theory (TDDFT), for a quanti-
tative determination and prediction of the transient SIE. In
particular, this density functional theory (DFT) based approach
is material-specific, and has been demonstrated to deliver an
analysis in quantitative agreement with experiments for spin
dynamics within the first =100 fs.242428] This focus on the
initial fs dynamics determined by the optical excitation also
promises to make tuning of the transient spin injection with
the material combination and/or pulse parameters possible.
With modern methods of optical pulse shaping such control
might in the future be considered, with the goal of designing
specific spin current pulses for wultrafast spintronics
applications, such as STT devices?*3% where such spin
current injection may be used to control the excitation of the
magnetic moment.

In the present work, we use epitaxial layers of Co/X(001)
[X= Al, Cu, Au and Pt] interfaces to showcase the optically
induced ultrafast demagnetization of Co leading to non-
equilibrium spin injection into X. Starting from a quantita-
tive agreement between fs time-resolved experiment and ab
initio theory on Co/Cu(001), we subsequently investigate the
transient spin injection efficiency (SIE) and study how the
spin injection changes as a function of time upon laser exci-
tation. This allows us to analyze theoretically the microscopic
physical processes limiting the spin injection on fs timescales.
We find that the interplay of available states and SOC strength
of the non-ferromagnetic metal plays a dominating role in
the reduction of the transient spin injection efficiency, from
very high values that are attained at early times. Moreover,
we theoretically predict that the pump laser pulse param-
eters play a significant role in controlling the fs spin injec-
tion, and discuss ways to optimize the SIE for future ultrafast
spintronics applications.

2. Theoretical Methodology

To calculate transient magnetic spin-moments in laser pumped
materials, we have used the fully ab initio state-of-the-art
TDDFTBY that rigorously maps the computationally intrac-
table problem of interacting electrons to the Kohn—Sham (KS)
system of non-interacting fermions in a fictitious potential, a
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problem that can be solved by modern computing clusters. The
time-dependent KS equation is

2
iM = [l(—iV + 1 Am(t)) +v(1,t)
ot 2 ¢
1 1 ‘ U
+2—CO' . Bs(r,t)+4—C20'-(Vvs(r,t)x—zV)]v/]k(r,t)
where A.(f) is a vector potential representing the applied laser
field. It is assumed that the wavelength of the applied laser is
much greater than the size of a unit cell and the dipole approxi-
mation can be used, i.e., the spatial dependence of the vector
potential is disregarded. This constitutes a reasonable assump-
tion for the laser wavelengths in the near-infrared range used
here. The KS potential v(r, £) = Veg(r, £) + vy(r, 1) + (T, 1) is
decomposed into the external potential vy, the classical elec-
trostatic Hartree potential vy and the exchange-correlation
(XC) potential v,.. Similarly, the KS magnetic field is written as
By(r, t) = Bey(t) + By (r, t) where B.(t) is an external magnetic
field and B,(r, t) is the exchange-correlation (XC) magnetic
field. In the present work, we have used the adiabatic local den-
sity approximation for the XC potential. ¢ are the Pauli matrices
and the final term of Equation (1) is the spin—orbit coupling
term. In the fully non-collinear spin-dependent version of this
theory,[3334 the orbitals y are two component Pauli spinors and
from these the magnetisation density can be calculated as:

m(r,t)= D (r,Hjoy,(x.1), (2)

The integral of this vector field over space gives the total
magnetic moment as a function of time (M(t)). All calculations
are performed using the highly accurate full potential linearized
augmented-plane-wave method,®) as implemented in the
EIkB*36l code. The Brillouin zone was sampled with a 15 x 15 x 1
k-point mesh. For time propagation, the algorithm detailed in
Ref. [34] was used with a time-step of 2.42 atto-seconds. The
final magnetization value converges with the abovementioned
computational parameters to 1.73 up per Co atom for the bulk
material. We restrict ourselves to a few hundred fs regime
as the non-inclusion of nuclear dynamics prevents us from
describing physics at longer time scales. To ensure that the the-
oretical calculation provides a good representation of the actual
experimental situation, which is introduced in more detail in
the following section, we have performed a calculation for the
experimentally studied material, Co/Cu(001), using the experi-
mental laser pulse parameters (pulse duration 35 fs, wave-
length 800 nm, frequency 1.55 eV and absorbed pump fluence
0.25 mJ cm™?).

3. Experimental Section

In order to achieve direct experimental access to the fs spin
dynamics at a ferromagnet-metal interface, ultrathin epitaxial
Co films with three monolayer (ML) thickness on a Cu(001)
surface were investigated. After the Cu(001) single crystal sub-
strate was prepared by several sputtering—annealing cycles, Co
was deposited by electron beam evaporation. These Co/Cu(001)
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films had atomically sharp interfaces,”’3¥ making them an
ideal model system for the comparison to ab initio theory. Prep-
aration, characterization, and the subsequent time-resolved
measurements were performed in situ at room temperature in
ultrahigh vacuum at a pressure of <107 mbar.

An interface-sensitive probe, namely second harmonic gen-
eration (SHG)B%%! was employed. In centrosymmetric crystals
such as that investigated here, SHG was only generated where
spatial inversion symmetry is broken, i.e., at interfaces. This
optical technique, which employed ultrashort laser pulses,
moreover enabled efficient time-domain analysis with fs time
resolution. A pump-probe experiment with near-infrared laser
pulses with 800 nm wavelength and a pulse duration of 35 fs
(full width at half maximum (FWHM)), generated with a cavity-
dumped Ti:Sapphire oscillator, was conducted. After excitation
with pump pulses of an incident pump fluence of 4+ 2 mJ cm2and
a polarization perpendicular to the optical plane (s-polarization),
the resulting spin dynamics at the Co/Cu(001) interface were
probed with SHG at 400 nm wavelength. That incident fluence
corresponded to the absorbed fluence of 0.25 m] cm™ that was
used in the TDDFT calculations for that interface, ensuring
that the excitation conditions were the same in experiment and
theory. The Co films were magnetized in the direction parallel
to the sample surface and perpendicular to the optical plane
by an external magnetic field. Thus, SHG was detected from
the probe pulse with a polarization parallel to the optical plane
(p-polarization) in transversal geometry, by means of single
photon counting after filtering with a BG39 filter and mono-
chromatization with a grating monochromator, as shown sche-
matically in Figure 1a. The slightly non-collinear incidence of
the pump and probe beams ensured that the probe signal can
be reliably spatially separated from the reflected pump beam
and the pump-probe cross-correlation.

The second harmonic (SH) intensities /™ for opposite ori-
entations of the magnetization M of the Co film were acquired,

T, b Tl
from which the SH fields, | E2%, | = ! ;I and | Ecga | = 4I|E;z£r
were derived. These fields were even and odd with respect to
a sign change of M, respectively, and were thus considered
magnetization-independent and -dependent for E2%, >>Ely,
as was the case for Co/Cu(001).3%* The time-dependent
changes of El%,.a Were then normalized to their respective
values before optical excitation, resulting in the time-dependent

Eezxin,odd(t)
Eez\fgn,odd(t < O)
focus was on the magnetization-dependent observable A2,
which provided information on the ultrafast spin dynamics in
the Co film. The SHG signal probed the whole ultrathin Co
film, since it originated from spatial symmetry breaking and
electronic structure changes in the interface layers, and the Co
film at such a low thickness of 3 monolayers only does not yet
possess bulk properties. It was noted that while transient spin
injection has been probed in Au with SHG,! the authors were
not sensitive to the transiently induced spin polarization in the
non-ferromagnetic substrate here, since the much lower spin—
orbit coupling of Cu compared to Au diminished the respective
magneto-optical response. Further details on our SHG setup as
well as the charge dynamics measured through Als, are pro-
vided in Refs. [21, 40].

relative changes A2, a = —1. In this study, the
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Figure 1. a) Sketch of the experimental geometry and microscopic pro-
cesses at Co/Cu(001) interface: The ultrafast demagnetization of Co
after excitation with a near-infrared pump pulse is probed by SHG.
Ab-initio TDDFT reveals that spin transfer across the interface involves
majority spin injection from Co to the Cu substrate as well as minority
spin back-transfer from Cu to Co. b) Comparison of experimental obser-
vation of ultrafast demagnetization of Co via the relative change of mag-
netization-dependent SHG signal A22, (blue circles) with theoretical
calculation of relative change in Co spin moment Auc, after laser
excitation (blue line).
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4, Results

Figure 1b shows the experimentally measured ultrafast demag-
netization A%y of the 3 ML thick Co film at the Co/Cu(001)
interface, depending on the pump-probe time delay. We
observe a relative change of =4% within the first 100 fs. Since
we are here interested in the non-equilibrium spin-dependent
processes only, we focus on this initial demagnetization, after
which relaxation to the ground state through electron-phonon
scattering within several picoseconds sets in [21,40]. We achieve
microscopic insight into the spin dynamics underlying the opti-
cally induced demagnetization of Co by a direct comparison
with the relative change of the magnetic moment of a 3 ML
thick Co layer on top of a 7 ML thick Cu(001) substrate cal-
culated with TDDFT for the same excitation conditions, i.e.
absorbed pump fluence. We note that time zero corresponds to
the peak of the envelope of the pump-probe cross-correlation in
experiment respectively to the peak of the pump pulse envelope
in theory. The quantitative agreement between experiment and
ab-initio theory observed in Figure 1b allows us to proceed to an
investigation of the microscopic mechanisms via TDDFT.

The Co demagnetization results from the interplay of two
processes, namely spin transfer across the Co/Cu(001) interface
and spin flips mediated by spin-orbit coupling. Roughly during
the first 35 fs, while the pump pulse is present, spin transfer
dominates the dynamics. It proceeds via injection of majority
spin electrons from Co to Cu, and backtransfer of minority spin
electrons from Cu to Co, see Figure 1la, as found in our ear-
lier study.’!! We have previously explained this transient spin
injection through the so-called OISTR mechanism, i.e., opti-
cally induced intersite spin transfer,?228 which depends on the
details of the density of states (DOS) at the interface as well as
the optical pulse parameters, and thus allows the tuning of the
spin transfer and attendant SIE, as will be shown later.

The spin transfer is suppressed through SOC, which leads to
spin flips and thus further demagnetization after 35 fs, but at
the cost of mixing of the majority and minority spin channels.
Therefore, it can be expected that the transient SIE results from
a competition of spin injection, i.e., OISTR, and SOC-mediated
spin flips. We analyze this interplay in detail in the following,
for a slightly shorter pump pulse that allow us to conserve com-
putation time while still remaining in an excitation regime that
corresponds to a realistic experimental situation.

In Figure 2, we present the transient spin injection efficiency
for 3 layers of Co on top of 5 layers of Cu(100) following excita-
tion by an ultrafast laser pulse, whose vector potential is shown
in Figure 2a.

The transient efficiency of this injection, as a percentage, can
be defined by

AMym(t)
M (2)

Spin injection efficiency = %100 (3)

where AMyy(t), AMpy(t) are the transient changes in atomic
magnetic moments from the ground-state for the normal metal
(NM) and ferromagnet (FM), respectively. Since the term and
definition of spin injection efficiency is not yet an established
quantity in the non-equilibrium regime, we introduce here the
above definition in terms of the transient changes of the spin
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Figure 2. a) Vector potential of the pump pulse with central frequency
of 1.55 eV, FWHM of 12 fs and incident fluence of 15 m| cm™2, b) spin
injection efficiency (in percentage), c) magnetic moment per Co atom
(in ug), d) magnetic moment per Cu atom (in ug) in 3Co/5Cu.

moments of the ferromagnetic and non-ferromagnetic layers.
This is motivated by the underlying ultrafast demagnetization
experiments, which first identified the effect under discus-
sion, namely non-equilibrium spin currents respectively spin
injection across interfaces and that routinely measure changes
in the magnetic moments.}¢7° The SIE is thus a quantity
designed to capture the ultrafast demagnetization of the fer-
romagnetic layers as well as the spin transfer to the substrate.
Since the SIE is a time-dependent quantity, it describes a
change with respect to the time before optical excitation. As
there is no change yet at beginning of pulse, this would lead
to a division by zero at 0 fs, which we avoid by calculating the
SIE from 5 fs only. Due to SOC, the magnetic moment is not
a conserved quantity, and so the SIE varies already on ultrafast
time scales.

The transient SIE is shown in Figure 2b, where it is ini-
tially quite high, =60% Dbefore falling to a constant value of
20% over a period of 20 fs. The rising envelope of the pump
pulse, where the number of photons increases, leads to more
and more carriers being excited, resulting in an increase in
the SIE in this initial period. We can understand the drop
in the moment and SIE from the time-dependent average
atomic moments of Co and Cu, as shown in Figures 2¢,d.
Initially, the drop in the Co moment is accompanied by a
corresponding rise in the Cu moment explaining the high
efficiency at early times. Following this, the moments on
both Co and Cu begin demagnetizing with the Co moment
losing a significant amount. The net result is that there is less
moment available for injection from the Co and less injected
moment that survives in the Cu, both of which, from Equa-
tion (3), cause the spin injection efficiency to drop. Eventu-
ally, this demagnetization process saturates and slows, and
the efficiency levels off at its final value of just 20%. We note
that due to the lack of experimental sensitivity to the tran-
siently induced Cu moment mentioned above, our determi-
nation of this quantity relies on TDDFT, after having verified
a quantitative agreement of the calculated Co dynamics with
the experiment, compare Figure 1.
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Figure 3. Transient injection efficiency (given as a percentage, see Equa-
tion (3)) for a 3Co/5Cu interface pumped with a laser pulse with a central
frequency of 1.55 eV, a FWHM of 12 fs, and an incident fluence of 15 m) cm 2.
The results are shown for calculations with and without spin-orbit cou-
pling (SOC). Evidently, SOC plays a crucial role in degrading the injection
efficiency at longer times. Note that without SOC the transient injection
efficiency saturates below 100% due to moment residing in delocalized
interstitial states.

The demagnetization process observed in both Co and
Cu is due to spin-orbit mediated spin—flips, first predicted
in Ref. [33]. This can be seen in Figure 3, where the TDDFT
simulation is performed with and without the SOC term in
the Hamiltonian, Equation (1). Without SOC, the injection
efficiency begins at 60%, the same as with the SOC term, but
increases during the pulse before reaching a constant value
of 80% when the pulse has ended. Thus, it is clear that SOC
is responsible of the demagnetization of Co and Cu and the
ensuing loss of efficiency.

In the absence of SOC, the total moment is a conserved
quantity, and thus, we would expect the efficiency to be 100%,
as any moment lost in the Co must be transferred to the Cu in
order to conserve the total. However, the efficiency defined in
Equation (3) employs the atomic moments, defined as the inte-
gral of the magnetization density in a spherical volume centred
on each atom. The spin density that falls outside these spheres
is known as the interstitial moment and is delocalized in space.
These delocalized states may indicate spin currents that would
transport moment away from the laser excited region; however,
for practical reasons, our simulations, like the vast majority
of DFT simulations, are performed with periodic boundary
conditions. Thus, we cannot observe this transport, only the
excitation to current carrying states. The efficiency defined in
Equation (3) therefore measures the spin injection that will
remain in the Cu substrate.

We note that in addition to the spin moment loss through
spin flips mediated by spin-orbit coupling, which is already
included in our calculations, further losses due to elastic scat-
tering at the interface are possible. However, for the epitaxial
films with atomically sharp interfaces employed in this work,
elastic scattering due to defects, grain boundaries or other
structural imperfections can be expected to be minimized.

Having identified the laser pulse and SOC as responsible
for the transient behavior of the spin injection efficiency, it is
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natural to ask how we may optimize and control this behavior.
In Figure 4, we demonstrate the importance of the substrate
material from Cu to Al, Pt, and Au on the initial and final SIE.

The initial SIE is governed by the laser excitation of electrons
from occupied to unoccupied states. By changing the substrate
material, we can change the energy, character, and density of
states available in the substrate and thus affect this excitation.
For example, while both Cu and Au have almost fully occupied
d-bands below the Fermi level, the bandwidth of Cu is lower
than Au (see inset of Figure 4). Thus, the density of states near
the Fermi level is much higher for Cu than Au, meaning in the
same frequency window, there are more occupied states avail-
able for excitation in Cu than Au, explaining why the initial
SIE is higher for Co/Cu than Co/Au. The DOS of Pt is similar
to Au except shifted in energy, so that there are d-states above
the Fermi level, as Pt has fewer valence electrons than Au (also
shown in the inset of Figure (4)). Hence, the similar behavior of
Pt to Au in Figure 4a during the initial time (in this case, up to
the time of the laser pulse peak). For Al, the states around the
Fermi level have a completely different character than Cu, Pt,
or Au, as they are mainly hybrid s- and p-states, and the DOS
is much smaller due to the lower number of valence electrons.
Consequently, Al has the lower injection efficient during the
initial excitation before SOC becomes active.

For later times in Figure 4a, the transient behavior of the SIE
is markedly different for the different substrates. While the SIE
for Co/Cu decays to a constant, it decays to almost zero for Au
and actually reaches zero for Pt. This confirms the observation
that SOC is responsible for this decay as the SOC strength is
known to be higher in Au and Pt than Cu. For a material like
Al where SOC is not strong, there is much less decay of the
SIE (there is still some decay due to the SOC demagnetization
in the Co layers). This transient behavior of the SIE is further
illustrated through the ultrafast demagnetization of Co and the
transiently induced spin moment in the respective substrates
shows in Figures 4b,c, respectively.

The above results were calculated for a particular laser
pulse; however, the spin—orbit driven spin-flips and spin
injection are non-linear phenomena that depend on how
strongly the system is perturbed from equilibrium, and so
the laser pulse parameters may also be tuned to control the
SIE. In Figure 5(a), the effect of varying the duration FWHM
and fluence of the laser pulse on the SIE is shown. Keeping
the FWHM fixed at 12 fs while varying the fluence demon-
strates the non-linearity present in the problem. Increasing
the fluence can cause both the non-linearity in the initial
excitation as well as the subsequent SOC demagnetization.
Increasing the fluence from 0.5 to 4.6 m] cm™ will increase
the total number of electrons excited (see linear dependence
on the fluence in Figure 5b). However, this causes greater
demagnetization leading to a larger decay in the SIE for
later times, see the negative slope in Figure 5c going from
0.5 to 4.6 m] cm™. Increasing further to 15 mJ cm™, we see the
SIE at initial times increases due to non-linear optical transi-
tions; however, the decay due to SOC is also larger with the end
result being a SIE similar to the 0.5 m] cm™ case, as can be
seen in the non-linear behavior in Figure 5c. Increasing the
FHWM to 24.5 fs does not affect the initial SIE that remains
=50% at the center time of all pulse. Increasing the fluence
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Figure 4. a) Transient injection efficiency (given as a percentage, see Equation (3)) for 3Co/5X interfaces (X=Cu, Al, Pt, Au) pumped with a laser pulse of
central frequency 1.55 eV, FWHM 12 fs, and incident fluence 15 m) cm™2. This highlights the effect of the substrate on injection efficiency that decreases
strongly as a function of time for the high SOC substrates (Pt, Au). Insert: the majority spin (positive axis) and minority spin (negative axis) projected
density of states (DOS) for Al (sp-orbitals) and Cu, Pt, Au (d-orbitals). The Fermi energy has been shifted to 0 eV in each case. b) The average change
in moment for the Co atoms. c) The average change in moment for the Cu, Al, Pt, Au atoms.

from 3 to 9.3 mJ cm™2 for this longer duration pulse leads to
stronger demagnetization and a larger decay of the SIE, as
was the case for the 12 fs pulses, although the decay time is
increased. Thus, to have a larger SIE for a longer time, the best
combination is a longer laser pulse with a smaller fluence.
Figure 6 shows how the SIE depends on the distance from the
interface. Given that the initial excitation is a charge transfer exci-
tation between the Co and the Cu layers, the probability of such a
transition depends on the overlap of the orbitals, which becomes
smaller with increased distance from the interface. Hence
less spin moment is injected into the furthest Cu layer from
the interface. This orbital overlap also implies that the DOS
at the interface is quite different from the DOS away from it,
which in turn influences the minority back transfer leading to
layer dependent SIE. After the initial spin injection, roughly the
same decay can be observed in all layers due to similar SOC.

Adv. Mater. Interfaces 2022, 2201233 2201233 (6 0f9)

A monolayer-resolved experiment that measures the depth
dependent transient magnetisation would be able to study such
subtle effects in detail.

5. Conclusions

From a quantitative comparison of TDDFT calculations and
fs time-resolved SHG experiments, we have shown that the
optically induced fs demagnetization of Co/Cu(001) inter-
faces involves both transient spin injection into Cu and
SOC-mediated spin flips. We calculate the attendant SIE,
finding that an initial SIE of up to 60% is suppressed within
less than 40 fs due to SOC. We theoretically predict that
choosing metal substrates with lower SOC (e.g., Cu and Al)
compared to Au and Pt allows to conserve a SIE of =30% even
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Figure 5. a) Transient injection efficiency (given as a percentage) for a 3Co/5Cu interface pumped with various pulses (see legend for pulse param-
eters). b) Peak and c) the final (at 60 fs) injection efficiency for the various pulses. The dotted lines connect pulses with the same duration.
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Figure 6. Transient spin injection efficiency (given as a percentage, see
Equation (3)) for a 3Co/5Cu interface pumped with a laser pulse (vector
potential shown in grey) with a central frequency of 1.55 eV, FWHM of
12 fs, and incident fluence of 15 m) cm™2. The injection efficiency is calcu-
lated for the whole structure (all layers), for the two interface layers and
for layers furthermost from the interface.
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at later times, while the initial SIE is enhanced by selecting
ferromagnet/metal interfaces with an electronic DOS that
provides sufficient available states for optically induced spin
transfer between the ferromagnet and non-ferromagnetic
metal layers. Short pump laser pulses (12 fs) are found to
increase the initial SIE with increasing fluence, while longer
pump pulses (25 fs) at moderate fluence conserve a transient
spin injection of =40%, despite initially lower SIE as compared
to the high fluence short pulse regime.

We can thus design interfaces to increase the available states
for optically induced spin injection and tune the pump pulse
parameters to enhance the SIE. The present results also point
toward the possibility of optimized heterostructures with different
metallic layers for enhancing density-of-states effects that promote
spin injection and reducing SOC-mediated effects that limit it.

In order to verify our theoretical predictions, future experi-
mental access to the transient magnetic moments simultane-
ously in the ferromagnetic and non-ferromagnetic layers will be
crucial. In particular, improving fs time-resolved X-ray absorp-
tion spectroscopy, including X-ray magnetic circular dichroism,
toward higher acquisition efficiency at increased repetition
rates is a key experimental goal for the future. In this way, one
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will achieve greater sensitivity to transiently induced magnetic
moments in non-ferromagnetic materials than currently pos-
sible, an important current development at both large scale
facilities such as free electrons lasers and laboratory-based high
harmonic generation X-ray sources./?l
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