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All-optical spin injection in silicon investigated by
element-specific time-resolved Kerr effect
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Understanding how a spin current flows across metal-semiconductor interfaces at pico- and femtosecond time scales is of

paramount importance for ultrafast spintronics, data processing, and storage applications. However, the possibility to

directly access the propagation of spin currents, within such time scales, has been hampered by the simultaneous lack of
both ultrafast element-specific magnetic sensitive probes and tailored well-built and characterized metal-semiconductor
interfaces. Here, by means of a novel free-electron laser-based element-sensitive ultrafast time-resolved Kerr spectros-
copy, we reveal different magnetodynamics for the Ni M, 3 and Si L, 3 absorption edges. These results are assumed to
be the experimental evidence of photoinduced spin currents propagating at a speed of ~0.2 nm/fs across the Ni/Si

interface.
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1. INTRODUCTION

Nowadays, spin-based electronics (spintronics) has been compared
favorably to conventional electronics because of the lower switch-
ing energy and the higher switching speed [1,2]. The main reasons
are that spin currents (SCs) are suggested to flow nearly dissipation-
less [3,4], while spin coherence time is larger than the charge con-
finement lifetime [5]. In particular, this applies to the injection of
the superdiffusive SCs through some metal/metal interfaces [6,7].
SCs are generated inside ferromagnetic metals by means of
ultrashort infrared (IR) pulses [8,9] where a spin-preserving out-
of-equilibrium hot electron distribution is created [6]. Since in
ferromagnetic metals the excited carriers lifetime and velocity are
much larger for spin majority electrons, an ultrashort SC pulse is
set. SCs have been reported in Ni/Au, Ni/Fe, Fe/Pt, and Ni/Co-Pt
multilayers [10—13]. Besides, SCs in the form of propagating
magnons triggered by ultrafast optical pulses have been observed
for NiO [14], CoO [15], and ZnO [16]. Conversely, the spin
injection into some technologically relevant semiconductors is still
an open question. Silicon, by allowing long-lived SCs because of
the small spin—orbit interaction, the reduced nuclear spin, and the
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crystal inversion symmetry, is a good candidate for these studies
[4,17,18).

A recent theoretical work [8] proposes the spin injection from
nickel to silicon to be chargeless, i.¢., independent from the charge
carrier flow, up to 80% spin-polarized, and ultrashort.

However, an experimental benchmark about the spin injection
at the ferromagnet/silicon interface, such as the measures of the
magnitude of spin accumulation, the spin lifetimes, and the SC
velocity, is lacking [19,20]. To provide this information is also
challenging because an effective control of the potential barrier
at the metal/semiconductor interface must be achieved; hence,
its effective manufacturing and structural characterization are of
critical importance.

Here, we report about a novel ultrafast time-resolved resonant
magneto-optical Kerr effect experiment (TR-RMOKE) [21,22] at
SiL, 3 and Ni M; 3 absorption edges. Thanks to the element selec-
tivity of the TR-RMOKE spectroscopy, performed at an externally
seeded and tunable free-electron laser (FEL) and to a state-of-
the-art fabrication and characterization of the Ni/Si interface, we
can decouple the magnetodynamical response of the Si support
from the Ni overlayer. In particular, the slower demagnetization
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(a) Schematic representation of the sample stack consisting of a Si substrate (blue), a thin SizNy passivation layer (gray), 7 nm of Ni film (red), and

2 nm of Ag capping layer (yellow). At time £, the IR laser pulses (1.55 eV, gold arrow) hit the sample. The FEL pulses, tuned at the Si L, 3 edge (102.5 eV,
blue arrow) and at the Ni M, 3 edge (67 €V, red arrow), probe the sample status at later time scales. The penetration depth of the pump and of the probe
pulses is represented by the length of the respective arrows. The fraction (as percentage) of the total energy of the IR laser absorbed by each layer is reported
above the pump arrow. An HRTEM image of the heterostructure is superimposed to the lower part of the schematic. (b) Scheme of the FEL RMOKE setup
at MagneDyn. The pump and probe pulses are in a quasi-collinear configuration. RMOKE was probed in longitudinal configuration at an angle of inci-
dence of 45°. The linear polarization E of the FEL pulses reflected from the sample is rotated with respect to the scattering plane (dashed line) of the Kerr

angle 6.

response detected at the Si edge is interpreted as an evidence of a
transient SC, propagatingat ~0.2 nm/s [8], from Niinto Si.

2. EXPERIMENT
We investigated the Ag/Ni/B—Si3Ny (0001)/Si(111) interface

(from now on called Ni/Si for short) whose structure is sche-
matically represented in Fig. 1(a). The sample was synthesized at
the VUV-Photoemission beamline (Elettra Sincrotrone Trieste)
according to the recipe of [23,24]. Section I of Supplement 1
reports on the X-ray photoelectron spectroscopy (XPS) charac-
terization of the sample. The substrate used for the deposition was
a p-doped (B dopant, 0.05Q - cm resistivity) Si(111) —7 x 7
surface reconstructed substrate. Nitride passivation of the Si sur-
face was required in order to reduce the formation of unwanted
metallic silicides and diminish the migration of the metallic ions
into the substrate. Subsequently, 7 nm of Ni was deposited at a low
temperature to form epitaxial layers [25]. A silver capping layer
of 2 nm was grown to avoid the oxidation of the Ni layer. After
the experiment, the interface was characterized by high resolu-
tion transmission electron microscopy (HRTEM), as shown in
Fig. 1(a). The observation of a sharp Ni/Si interface confirms that
both the formation of silicides and the pump beam damage were
under control. Thanks to HRTEM, we estimate the thickness of
the SizNy layer to be ~0.7 nm. Moreover, no Ni oxide forma-
tion was detected. Further details on HRTEM measurements are
provided in Section IT of Supplement 1.

The room-temperature transient magnetic response of our
sample was measured via the longitudinal RMOKE in a pump-
probe scheme, which allows one to detect the effects on the sample
magnetization M induced by an IR pump beam. All the RMOKE
measurements were carried out at the MagneDyn end-station
[26] at the externally seeded EUV FEL FERMI [27] at Elettra
Sincrotrone Trieste.

A schematic illustration of the experimental scattering configu-
ration is shown in Fig. 1(b). The sample was excited by a ~70 fs
pump pulse at 1.55 eV with a 25 Hz repetition rate decimated with

respect to the FEL 50 Hz repetition rate for achieving the standard
pump-on/off data acquisition mode. The IR pump pulse was
generated from the same laser used to seed the FERMI FEL and
had a root mean square timing jitter with respect to the FEL pulses
of ~7 s [28]. The angle of incidence of the incoming IR pump
pulse is 43.5°. The probe consists of ~50 fs FEL light pulses whose
energy is tuned to the absorption edges of Ni and Si. The electric
field of the linearly polarized incoming light lays in the scattering
plane, while the angle of incidence was set to 45°. The fluences
of the IR pump pulses at the sample were 60 mJ/cm? for the
measurements at the Ni M 3 edge and 15 m]/cm? for the SiL, 3
edge. Instead, the FEL fluences were 4.0 mJ/cm? at the Ni M, 3
edge and 1.2 mJ/cm? at the Si L, 3 edge, respectively. Please note
that the fluence is considered at 1/¢? as in [29]. Considering the
reflectivity and absorbance coefficients of the overall sample stack
at 1.55 eV [30] and limiting the absorption up to the first 100 nm
of the Si substrate, the fraction of the total absorbed intensity of the
incoming optical pump pulse released in the Ni layer is 95%. The
remaining energy is absorbed by the Ag capping layer (1%) and
the Sisubstrate (4%).

The RMOKE analysis of the FEL light polarization angle 6
as a function of the pump-probe time delay (r — #) is carried out
with a Wollaston-like polarimeter that collects the reflected FEL
pulses [31]. The polarimeter decomposes the polarization of the
beam in two orthogonal components with /; and 7, intensities.
The polarization angle of the reflected beam with respect to the
scattering plane is then approximated as [32]

_1hL-1
2L+ 5

(1)

Element sensitivity to Ni and Si is achieved by resonantly tun-
ing the FEL radiation at the Ni M, 3 edge [33] and the Si L, 3 edge
[34], which are 35 eV apart. This energy separation guarantees
that the resonant response of the magneto-optical tensors of the
two elements do not overlap. A confirmation to this comes also
from ab initio calculation of the Ni Kerr rotation away from the
Ni M, 3 edge in the energy region of the Si L, 3 edge. Details of
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RMOKE magnetic hysteresis in degrees of Kerr rotation (a) at the Ni M, 3 edge and (b) at the Si L, 5 edge. The empty and filled circle curves

represent the unpumped (labeled up) and pumped (labeled pp) hysteresis measured at a delay time of 0.5 ps (for the Ni edge) and 0.3 ps (for the Si edge), as
indicated by the corresponding star marks in (c). (c) Relative change of the site resolved magnetization M as a function of the time delay measured in satu-
ration with an applied magnetic field of 550 mT (Ni and Si, red and blue dots, respectively). The Ni demagnetization curve was rescaled to account for the
different pump fluences applied. The solid lines represent the best fit to the data, from which we extracted the two characteristic times for demagnetization
(t,») and recovery (z,). The difference between the two magnetization dynamics, defined as (AM/M) ;; , is also shown (gray pentagons). The gray curve is a

guide to the eye for (AM/M) ; .

the calculation are reported in the Supplement 1, Section III. The
applied magnetic field B, whose direction is parallel to the £-vector
of the incoming FEL radiation, orients the magnetization of Ni
along the line of intersection between the sample surface and the
plane of incidence.

Finally, the transient relative change of the sample
magnetization magnitude M is defined as

0()" —6(2)"
or —6-

sat sat

AM

R = 2
VL @

where ¢ is the delay time between the probe and the pump arrival,

0(£)* represents the RMOKE signals, and 6% represents the
RMOKE unpumped saturation values at opposite magnetic fields.

3. RESULTS

Figure 2(a) displays the Kerr rotation collected at the Ni M 3 edge
(67 V) as a function of the applied magnetic field taken before the
pump arrival (empty circles) and 500 fs after the pump absorption
(filled circles). The Si Kerr rotation collected with the FEL photon
energy resonantly tuned to the Si L, 3 edge (102.5 ¢V) and taken
before and at a 300 fs time delay after the pump arrival is reported
in Fig. 2(b). The Kerr rotation displays a hysteresis shape for both
the Ni and the Si edges. The measured coercitivity field for Ni is
~50 mT, which confirms the ferromagnetic state of the Ni layer.
We notice that the observation of a finite Kerr magnetic signal at
the Si edge for negative time delays is not expected because Si is
a weakly diamagnetic material. Some possible mechanisms that
would allow this kind of effect will be given in the Section 4. Please
note thatitis not possible to make an absolute comparison between
6£Ni and 6 Si since the Kerr rotation depends on several factors
as the magneto-optical constant, the experimental geometry, the
layer stack structure, and eventually the magnetization of each
element. Anyways, Figs. 2(a) and 2(b) show that the pump arrival
causes a decrease of the amplitude of the Kerr hysteresis, expressed
by 6 — 6., for both the Ni and the Si edges. This is consistent
with a reduction of the magnetization in both layers.

Table 1. Demagnetization (z,;,) and Recovery (z,) Time
Values Extracted from the Fitting to the Data of
Fig. 2(c)”

7,, (fs) 7, (ps)
Ni 100 =12 20.3+5.6
140 £ 10 [7] —
208 +33[10] 22+ 17[10]
Si 255 + 86 > 100

“In bold, our results compared to the values present in the literature.

Figure 2(c) displays the characteristic dynamics of the ultrafast
relative change of the layer magnetization AM /M measured at
fixed FEL photon energies resonantly tuned to the Ni (red marks)
and the Si (blue marks) edges with a saturating external field of
550 mT. The relative difference between the two dynamics is also
reported (gray pentagons). In order to retrieve the characteristic
lifetimes of the ultrafast magnetodynamics, the demagnetization
curves were fitted using a decay-recovery double-exponential
function,

Fr =220 ()1 — ey, 3)
M
where © (¢) is the Heaviside step function, and t,, and 7, are the
demagnetization and the recovery times, respectively. Results of the
fitting are shown in Fig. 2(c) and summarized in Table 1 together
with typical demagnetization and recovery times of Ni found in
earlier experiments [7,10].

4. DISCUSSION

Figure 3 summarizes our experimental findings and outlines the
possible magnetic configuration of the interface. The initial state
consists of a magnetized Ni film and a magnetized Si substrate, as
revealed by the measured RMOKE hysteresis in Figs. 2(a) and 2(b).
Unlike the Ni film case, the origin of the static magnetized state of
the Si substrate is not trivial, and some alternative hypotheses are
here considered.


https://doi.org/10.6084/m9.figshare.21179458

Research Article

Vol. 9, No. 12 / December 2022 / Optica 1336

(a)

(b)

i delay time

Fig.3. Display of (a), (b) shows the proximity effect in the Ni/Si inter-
face, and (c), (d) shows the accompanying magnetic dynamics in both the
Ni film (red, My;) and the Si substrate (blue, Mg;). (a) Thermal electrons
that impinge the Schottky barrier are spin-polarized; by tunneling the
thin Si3Ny layer (4 =0.7 nm), they generate a spin-polarized current
(jr, black solid and dashed arrows). (b) Energy band diagram of the Ni/Si
interface, with a focus on the depletion layer populated by spin-polarized
electrons (red area). (c) Right after the arrival of the pump pulse (golden
wave), the magnetization of the Ni layer is quenched. This triggers a
demagnetization of the Si and simultaneously the injection of a superdif-
fusive SC (j; , black pulse) into Si, carrying a magnetic moment Mj; (small
red arrows). (d) The two phenomena compete and cause the slow down of
the demagnetization rate in Si (blue arrows and dashed curve).

The injection of spins from metals into semiconductors is a
complex topic, subject of intense investigations over the last 20
years. Initially, researchers focused on the so-called conductivity
mismatch problem [35]. This obstacle refers to the large conduc-
tivity difference between the metal and the semiconductor that
limits the spin polarization below 0.1%. Soon later, it was showed
that, with a tunnel barrier separating the metal and the semicon-
ductor, an efficient spin injection was possible [36,37]. Since then,
several experimental groups had successfully measured the spin
injection. The vast majority of these studies investigate the spin
polarization with an external applied electric field bias [38—40].
The results of these studies cannot be directly applied to our inves-
tigation, where there is no external electric field. In fact, as far as
we understand, the magnetization of the semiconductor without
a bias cannot be calculated starting from the same equations used
for the transport. For instance, in [36], the spin up / T and the spin
down /™ currents are proportional to the applied bias and, thus,
are zero at zero field. Yet, zero-polarized current does not imply
that there is no static spin polarization in silicon. Unfortunately,
very few articles focus on the spin-polarized electron density. We
are aware of two experiments measuring a net spin polarization
of the semiconductor at zero bias. The first [41] claims that there
is an effective long-range p—d exchange between the Co and

(Cd,Mg)Te layer. This effect might occur as well at the Ni/Si inter-
face, through the & orbitals of Niand the p orbitals of Si. A second
experimental observation concerns the ferromagnetic-proximity
polarization (FPP) [42,43], where the nuclear spin polarization
in the semiconductor plays a fundamental role. Unfortunately,
these two models are not supported by an established theoretical
framework readily applicable to our case. Accordingly, here we are
using the simplest models that can explain the spin polarization of
thessilicon layer.

We identified two possible models that can explain the origin
of the magnetism in silicon, both relying on the proximity effect of
the Sisubstrate to the magnetized Ni layer.

The first model [Fig. 3(a)] relies on the presence of low-energy
thermal electrons in Ni. As they diffuse at equilibrium in the metal-
liclayer, spin minority and majority electrons experience a different
exchange interaction with the mainly spin-majority-polarized elec-
tron background. Accordingly, spin minority electrons are more
scattered with respect to spin majority ones, resulting in shorter
lifetimes and velocities with respect to their spin majority counter-
parts. Asa result, thermal electrons that impinge the Ni/Si interface
are also spin-polarized, and they can diffuse as a tunneling current
[77, solid black arrow in Fig. 3(a)] inside the Si substrate [40].
Only a fraction of the electrons impinging the interface are injected
into the semiconductor (dashed black arrow). Because there is no
net charge current without an external bias, this charge flux from
Ni to Si must be balanced at equilibrium by a current flowing in
the opposite direction. However, the spin polarization of the two
currents can be different, resulting in a net spin accumulation in
the proximal layer of Si (shaded white profile) [40].

A second possible origin to the magnetization in Si [Fig. 3(b)]
is due to the proximity magnetic field that causes the electrons
in the conduction band to be spin-polarized in the deple-
tion layer. Please note that, while our system is technically a
metal/insulator/semiconductor interface, it behaves as a sharp
metal/silicon interface, due to the thinness of the insulator inter-
layer. In fact, the interface forms a Schottky barrier varying linearly
with the thickness, with no pinning of the Fermi level [44]. The
energy band diagram of the Ni/Si Schottky interface has been
shown in Fig. 3(b); the B doping level of 9.3 x 10! cm™ gives
rise to an estimated Schottky barrier height ®sg of +0.02 eV
[44] and a depletion layer of ~40 nm. Due to the presence of the
magnetized metal, the electrons in Si will perceive an effective
magnetic field causing an exchange splitting A Eex = 45 - Befr—
where 1 p is the Bohr magneton and B is the effective magnetic
field—determining a net spin majority polarization localized in
the depletion layer region. Accordingly, any change of the magneti-
zation in Ni will affect almost instantaneously the effective field
—TI'/c=55nm/c~ 0.2 fs—where I is the attenuation length at
the Si L, 3 edge—and, therefore, the spin unbalance of electrons
in Si, resulting in a fast electron coupling between the Ni and Si
spin-polarized electron populations.

Besides this, we underline that HRTEM analysis identified only
small traces of silicide formation (Supplement 1), in particular
of NiSiy, between the silicon substrate and the nitride layer. Yet,
because NiSi; is expected to be nonmagnetic from the literature
[45,46], we can discard the contribution of this effect to the static
magnetization of Si.

Although the two models described above qualitatively explain
the magnetization of the Si substrate before the pump arrival, fur-
ther investigations are ongoing to elucidate this point.
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In Fig. 3(c), the magnetodynamics at the Ni and Si edges is dis-
played. The optical absorption of an ultrafast pulse by the Ni film is
accompanied by a sudden increase of the electron temperature and
a consequent reduction of the spin polarization of the exchange-
split Ni bands. In turn, while the Ni film demagnetizes in ~100 fs,
the consequent reduction of the spin polarization of the Ni bands
reflects in a reduction of the spin polarization of the electrons in Si.
Accordingly, M; diminishes as revealed by the magnetodynamics
at the Si edge. The most striking feature of Fig. 2(c) is that within
the first ~1 ps the Ni and Si (AM/M) exhibit different dynamical
responses to the laser excitation.

Specifically, Mg; reacts 2.5 times slower than My;, as can be
seen in Fig. 2(c) from the resulting demagnetization rates of change
in the two materials. The difference (AM/M)s; — (AfM/M)y;,
which is indicated as (AM/M) ;,, is plotted in Fig. 2(c) (gray pen-
tagons), and it represents the transient SC j;. The propagation
of j; is illustrated in Fig. 3(c). In the absence of any SC injection,
we expect the dynamics at the two edges to be the same, as a con-
sequence of the presence of the proximity effect. As displayed
in Fig. 3(d), the propagation of j; competes instead with the
demagnetization of the Si substrate, resulting in a longer demag-
netization time 7,, in Si. Consequently, based on this scenario,
we can consider the difference between the Ni A 3 and Si L; 3
magnetodynamics (A M/M) ; as an experimental evidence of the
onset and propagation of a superdiffusive SC across the Ni/Si inter-
face. On a longer time scale, following the propagation of the SC
pulse inside the Si substrate, the observed j; contribution becomes
irrelevant. Finally, having established the presence of a SC injected
in the Si substrate across a Ni/Si interface, further quantitative
information could also be extracted. (A M/M) ;; displays a maxi-
mum at ~150 fs after the pump arrival, followed by an exponential
decay time T =248 £ 128 fs, as obtained by an exponential fit-
ting of the trace [see also the gray guide for the eye in Fig. 2(c)].
Considering the SC pulse decay time as T =I'/v, the calculated
velocity v of the spin pulse propagating in the Si substrate results
to be I'/t ~ 0.2 nm/fs. This experimental finding matches the
theoretical predictions made on an ideal Ni/Si system [8].

5. CONCLUSION

In summary, we used element-specific time-resolved magneto-
optical Kerr effect spectroscopy (TR-MOKE) at the Ni M 3 and Si
L, 3 edges in a Ni/Siinterface at the externally seeded FERMI FEL.
Contrary to expectation, the Si substrate is observed to be already
magnetized before the pump arrival. We presented two possible
models that can be the origin of the magnetization of Si, either in
terms of tunneling of spin-polarized electrons from the Ni mag-
netic layer or in terms of modification of the exchange splitting of
the electrons in the silicon depletion layer induced by the effective
magnetic field. Both effects can qualitatively explain the observed
magnetization of Si and can even occur simultaneously. Upon
the pump arrival, the demagnetization of Si competes with the
onset and propagation of the transient SC from Ni, slowing down
the demagnetization lifetime in Si. Our experimental findings
now call for further theoretical investigations aiming at modeling
the equilibrium and non-equilibrium dynamics at the magnetic
metal/silicon interfaces.
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