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ABSTRACT

Ultrafast optical excitation is widely used to manipulate electronic and magnetic properties of materials on femtosecond

timescales. In this study, we investigate the response of copper to circularly polarized femtosecond pulses using time-resolved

magneto-optical Kerr effect measurements. We compare the dynamics induced by single-pulse excitation with those resulting

from a dual-pump configuration, in which two pulses arrive simultaneously from different directions. Although the individual

contributions of the two pumps are similar when applied separately, their combined effect leads to a marked change in the

spin/orbital dynamics. Specifically, we observe an approximately 2.5-fold increase in the decay time of the spin/orbital imbalance

signal under dual-pump excitation. This result indicates that the joint action of two optical pulses can qualitatively alter the

relaxation pathways in the system, beyond a simple additive response. The observed behavior highlights a previously unexplored

regime of light-induced dynamics and suggests new strategies for controlling ultrafast processes in solids.

1 | Introduction

Ultrafast optical excitation has emerged as a powerful tool
for controlling quantum states in materials, enabling precise
manipulation of electronic, magnetic, and structural properties
on femtosecond timescales [1, 2]. The ability to initiate and
probe rapid transitions between quantum states has opened new
frontiers in fields such as ultrafast magnetism [3-6], spintronics
[7-9], and quantum systems [10-12]. By leveraging femtosecond
laser pulses, researchers can transiently alter material properties,
such as magnetization and charge transport, providing insights
into the fundamental interactions governing quantum systems.
In magnetically ordered materials, ultrafast optical excitation has
been shown to induce a variety of dynamic responses, including
ultrafast demagnetization [13, 14], magnetization precession [15],
all-optical magnetization switching [16, 17] and other ultrafast
magnetic processes [18-20]. Ultrafast optical excitation in metals
drives the electronic system out of equilibrium, leading to non-

thermal electron distributions and initiating complex relaxation
dynamics involving energy transfer to phonons and spins [21, 22].
While the coupling between these subsystems can evolve in time,
a key assumption often made is that the material’s response is
governed primarily by the absorbed energy, not by the detailed
characteristics of the excitation geometry. In particular, if single-
pulse excitations with different incidence angles or polarization
states yield indistinguishable responses, it is reasonable to expect
that a dual-pulse excitation composed of those same individual
pulses would produce a response that simply scales with total
fluence or absorbed energy.

However, recent studies using simultaneous dual-pump excita-
tion, two femtosecond pulses arriving from different directions
with identical polarization, report measurable deviations from
single-pulse behavior in ferromagnetic metals. In magnetically
ordered metallic materials, dual-pump excitation has been
shown to significantly alter magnetization dynamics, including
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increased recovery times after demagnetization [23], reduced
threshold fluences for all-optical switching [24], and extended
lifetimes of magnetization precession [25]. Such results indicate
that the combined action of two pulses cannot be described
solely by simple fluence scaling, pointing instead to an altered
spin-lattice relaxation pathway under dual-pulse conditions. The
observed change in relaxation dynamics may reflect a transient
modification of electronic quantities depending on electron’s
orbital occupation numbers, such as spin-orbit coupling, that
become influenced by the combined excitation geometry. The
simultaneous arrival of two pulses from different directions could
furthermore alter the local symmetry or coherence of the excited
electrons, thereby influencing spin- and orbital-lattice scattering
rates and angular momentum transfer efficiency.

In previous studies, the investigations were focused on mag-
netically ordered materials; hence, the probed magnetic signal
represents the dynamics of long-range magnetic arrangement.
However, if the local symmetry of the electron spin/orbital
state is disturbed in a different way by dual optical excitation,
the anomalous dynamics should be noticeable already on the
level of interaction between individual electrons and the lattice,
independently of long-range magnetic order. To explore this
hypothesis, we carry out investigations on nonmagnetic copper, a
material devoid of long-range magnetic order and collective spin
interactions. In this study, we use circularly polarized ultrashort
laser pulses to induce spin and orbital dynamics in copper via the
inverse Faraday effect (IFE), a process that generates a transient
magnetic moment in response to optical excitation [26, 27]. We
compare the dynamics induced by single-pulse and dual-pump
excitation, revealing a striking increase in the relaxation time
of the induced magnetic moment under dual-pump conditions.
Our data reveal an approximately 2.5x slower decay of the IFE-
induced magnetic signal under dual-pump excitation, implying
a modified angular momentum transfer rate compared to the
single-pulse case. While the precise microscopic mechanism
remains undetermined, this observation clearly shows that dual-
pulse excitation leads to non-additive changes in spin- and
orbital-lattice relaxation. The observation of altered relaxation
dynamics in nonmagnetic copper under dual-pulse excitation
raises the possibility that similar effects could occur in a
broader range of materials. This invites further investigation into
how excitation geometry influences ultrafast relaxation across
different electronic systems.

2 | Results
2.1 | Experimental Configuration

Figure 1a shows the sketch of the experimental setup used in
this study to measure the transient spin dynamics in Cu. Further
details about the experimental configuration are given in the
experimental section. Optical excitation was carried out with
A = 1030 nm circularly polarized pump pulses. Pump 1 was
incident on the sample at an angle of 2° and the pump 2 beam
had an angle of 60°. The circular polarization was obtained
with a zero-order quarter-wave plate. During the dual pump
experiments, both pumps had the same chirality of circular
polarization. The change in magnetization state was monitored
with a much weaker, time-delayed 4 = 515 nm probe pulse,

obtained by frequency doubling of the fundamental wavelength
of the laser with a beta barium borate crystal. The incidence
angle of the probe beam was 5° to the sample normal. The
access to the time-resolved change in magnetization is realized
via analysis of the rotation of the polarization of the probe
pulse, making use of the magneto-optical Kerr effect in polar
geometry and measured with a balanced photodiode. In this
geometry, we measure the projection of the magnetic moment
induced by pump pulses onto the wavevector of the probe
light. Simultaneously, the time-resolved change in reflectivity
was measured with a separate photodiode. All experiments were
performed at room temperature and without an applied external
magnetic field. The sample is a commercially available 5 X 5 X
1 mm one-sided polished single crystal of Cu with [110] being the
out-of-plane direction.

2.2 | Inverse Faraday Effect Overview

The IFE refers to the interaction between circularly polarized
light and electrons in a material, where the light induces a change
in the electron’s spin state [26, 27]. When circularly polarized
light interacts with the electrons in a metal, it affects their orbital
motion [28, 29, 31-33]. While it was long thought that the IFE
primarily resulted in a light-induced spin polarization, recent
ab initio calculations have shown that the dominant effect is in
fact a light-induced orbital polarization [29]. The induced orbital
polarization exists even without spin-orbit coupling, whereas
spin-orbit coupling is required to create an optically induced
spin polarization from the light induced orbital polarization. In
Cu, the calculated orbital IFE is at least an order of magnitude
larger than the spin IFE [29]. The circularly polarized light
leads to an alteration in the orbital motion and induces a large
orbital moment, which, mediated by spin-orbit coupling, causes
the spins of the electrons to flip. The result is an imbalance
between the orbital occupation numbers and spin-up and spin-
down occupations of the electrons, which leads to a transient
change in the magnetic state of the material [30]. However, it
is important to note that this imbalance in the spin and orbital
populations does not result in the formation of macroscopic
magnetic order. Instead, the induced imbalance is a transient
phenomenon, occurring on a sub-picosecond timescale, which
does not lead to long-range magnetic moment alignment. As
a result, the IFE provides a mechanism by which light can
influence the electrons’ spin and orbital polarizations on ultrafast
timescales without the need for external magnetic fields [34, 35].
The IFE has become a key phenomenon in the field of ultrafast
magnetism, offering a tool for selective excitation of magnetiza-
tion dynamics. Indeed, IFE has been used in experiments to study
magnetization precession [36], to perform deterministic control
of magnetization states [37], and is considered to be important
for multi-pulse magnetization switching [38], making it highly
relevant for applications in optomagnetic devices and spintronics
[39].

2.3 | Single Pump Dynamics
In Figure 1b, the transient Kerr rotation signal, Ab.,,, is displayed

for a single circularly polarized pump pulse (Pump 1) with two
distinct helicities, measured at a fluence of 16.9 mJ/cm?. The
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FIGURE 1 | (a) Experimental geometry for dual-pump time-resolved experiments. (b) and (c) Time-resolved differential polar Kerr signal and

transient reflectivity of Cu, respectively, as a function of delay time after excitation with Pump 1 only with two different helicities of circular polarization

and having a fluence of 16.9 mJ/cm?.

Kerr rotation signal is sensitive to changes in the electronic spin
and orbital populations, reflecting the material’s magnetization
dynamics. The IFE alters these spin and orbital populations,
inducing a transient change in the material’s magnetic state.
The differing traces arise from IFE-induced magnetization,
where circularly polarized light of opposite helicities generates
magnetization with opposing orientations. Ideally, this should
produce peak-like Kerr rotation signals with identical ampli-
tudes and shapes but opposite signs. However, the observed
signals exhibit asymmetry, consistent with prior studies using
similar experimental conditions [40]. This asymmetry does
not stem from variations in excitation efficiency between the
two helicities, as confirmed by the transient reflectivity data
(Figure 1c), which show no significant differences between
the two helicities. Instead, we attribute the asymmetry to a
nonmagnetic contribution, detailed further in the Experimental
Section.

The magnetic contribution can be isolated by subtracting the
time traces measured with the opposite helicity of circular
polarization:

AM (£) « ABS. (1) — A6S. (1) 1)

Kerr
where A@I‘i;kr)(t) represents the time-resolved Kerr rotation signal
measured when the pump beam is left(right)- handed circularly
polarized. The resulting signal, shown in Figure 2a, was derived
using the data from Figure 1b and depicts the magnetization
dynamics after single-pulse excitation with Pump 1 at a fluence
of 16.9 mJ/cm?. The resulting magnetization signal reflects the
imbalance between the orbital populations and the number of
spin-up and spin-down electrons, which are induced by the
inverse Faraday effect (IFE). The data exhibits two key com-
ponents: a peak-like signal at zero delay time, corresponding
to the IFE-induced magnetization during the pulse excitation
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FIGURE 2 | (a)Light-induced magnetization as a function of time after excitation of Cu with Pump 1 only with a fluence of 16.9 mJ/cm?. Mg and
M,es components are indicated with green and blue, respectively. The solid red line is a fit to Equation (2). (b) Amplitudes of IFE Mg and residual

magnetization M., and (c) decay time of residual magnetization 7,5 as a function of fluence. The error bars are a 95 % confidence interval.

(shaded in green), and an additional exponential recovery of the
residual magnetization imbalance (shaded in blue). The time-
resolved magnetization traces were fitted with a combination of
a Gaussian peak and exponential decay functions to capture both
components:

AM (t) = AMIFEe([/T)Z + {(AMrese_[/Tm) g(t)} QL) @)

where AMpe and AM ) are the amplitudes of the IFE and
residual magnetization components, 7, is the decay time of the
residual magnetization, g(t) is a step function, and I'(¢) represents
the convolution of the fit function with the Gaussian laser pulse.
Figure 2b shows the amplitude of the IFE signal, AMg; (green),
and the amplitude of the residual magnetic moment, AM,
(blue), as a function of pump fluence. Both amplitudes increase
linearly with increasing fluence, with a constant ratio of AMpg
/ AM,., = 3.5. This linear increase is as expected since the IFE
is an opto-magnetic effect, i.e., AM « E*xFluence, where E is
the electric field strength. As pump fluence rises, the photon-
induced spin and orbital polarizations increase, enhancing the
magnetization imbalance and increasing both the AMp; and
AM,, signals proportionally. Within the fluence regime during
our experiments, we do not reach the nonlinear excitation regime
[41]. The characteristic decay time of the residual magnetization
imbalance, 7., quantifies the rate of angular momentum transfer
from electrons to the lattice following optical excitation. Figure 2c
shows 7., as a function of pump fluence for single-pump
excitation. Across all fluences, 7., remains at approximately
0.6 ps, consistent with expectations for single-pump excitation
[42]. This stability indicates that the angular momentum transfer
efficiency is unaffected by light intensity. Notably, 7, reflects the
ability of individual electrons to transfer spin and orbital angular
momentum to the lattice, independent of macroscopic magnetic
order.

2.4 | Dual Pump Dynamics

In the dual optical excitation experiments, both Pump 1 and
Pump 2 were circularly polarized with the same helicity, and
the magnetic signal was extracted in the same manner as for
single-pump excitation. The fluence for both pump beams was
10.1 mJ/cm?. Figure 3 shows the transient magnetic signal AM as

0.6 1 : Pump 1 Pump 2 |
--e-- Pump 1 + Pump 2
--e-- Dual Pump ——fit

AM (arb. units)

Delay time (ps)

FIGURE 3 | Transient magnetic signal AM as a function of delay
time after dual optical excitation (green), shown together with traces for
individual Pump 1 (dark yellow) and Pump 2 (blue) excitation, as well as
the linear superposition of signal from Pump 1 and Pump 2 (purple). The
laser fluence of both pump pulses was 10.1 mJ/cm?. The solid red line is a
fit to Equation (2).

a function of delay time after excitation with Pump 1 only (yellow
solid line) and Pump 2 only (blue solid line). The signal from
the Pump 2 excitation closely resembles the dynamics induced
by Pump 1, although the amplitude of AM for Pump 2 excitation
is about half that of Pump 1. This reduction in amplitude is due
to the experimental geometry, where the projection component
of AM for Pump 2 is measured at an angle of 55° to the probe
beam (see Figure 1a). The decay time for the Pump 2 excitation
was found to be 7, = 0.85 + 0.18 ps (see Figure 2c), which is in
good agreement with the decay time for Pump 1 excitation (see
Figure 2c). This confirms that the individual effects of both pump
beams on the electron dynamics are similar. However, when
both pumps were applied simultaneously (dual-pump excitation),
the transient magnetic response, shown in green, was noticeably
different. The decay time increased to 7., = 1.54 + 0.22 ps, which
is approximately 2.5 times larger than the decay time observed
for single-pump excitation. Furthermore, when applying the
same fitting procedure for dual-pump excitation, the obtained
amplitude of the IFE-induced signal, AM s (shown in green), was
found to be about 3% smaller than the expected amplitude based
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Optical pump

Delay time

Initial state np=n, Optical excitation n, >> n, Recovery dynamics n, > n,
FIGURE 4 | Schematic representation of ultrafast spin/orbital dynamics in copper. Although the optical excitation is illustrated as a single circularly
polarized pulse, the schematic represents dynamic steps that apply equally to both single- and dual-pump excitation. Panel (a) depicts the equilibrium
state of copper, where a quenched orbital moment and equal numbers of spin-up and spin-down electrons result in no macroscopic magnetic moment.
The spin of electrons (blue spheres) is indicated with black arrows and associated angular momentum with circular arrows in blue and red for opposite
spin direction. The Cu ions are depicted with orange spheres. Panel (b) illustrates the state during optical excitation, where circularly polarized photons
(red spheres) induce a modification of orbital state of electrons (shown by double circular arrows) and transient spin imbalance via the inverse Faraday
effect—here, a small fraction of electrons is affected (the schematic exaggerates this for clarity). Panel (c) shows the recovery phase after the pump pulse,
as the residual spin imbalance decays due to angular momentum transfer from the electrons to the lattice via the generation of polarized phonons.

on the linear superposition of the individual pump signals shown
in purple, and the ratio AM g / AM,; = 3.1 is somewhat smaller
compared to single-pump experiments.

3 | Discussion

The observed difference between single- and dual-pump experi-
ments is striking and challenges our fundamental understanding
of spin- and orbital-polarized electron dynamics in metals after
optical excitation. To gain a more intuitive understanding of these
results, one can consider Figure 4, which schematically shows the
different phases of the dynamical process. In equilibrium, copper
exhibits no macroscopic magnetic moment, with a quenched
orbital moment and an equal number of spin-up and spin-down
electrons (Figure 4a). Upon optical excitation, a small fraction
of electrons changes its orbital configuration (shown as double
circular arrows in Figure 4) and undergoes spin flips, creating
a transient magnetic moment, Mypg, as shown in Figure 4b. For
clarity, the number of spin flips in the schematic is exaggerated;
in reality, optically induced magnetic moment is quite small.
Calculations by Berritta et al. [29] show that the optically induced
magnetic moment in Cu reaches approximately 2 x 1073 up per
atomic volume under continuous-wave (CW) excitation at 1.55 eV
with an intensity of 10 GW/cm?. For pulsed excitation with a dura-
tion of ~300 fs and a fluence of 20.2 mJ/cm?, corresponding to the
combined fluence used in our dual-pump experiments, the peak
magnetic moment can be estimated at approximately 1.5 X 1072 pg
considering both spin and orbital contributions. Most of this
magnetization relax immediately after the laser pulse ends, with a

small fraction retaining the angular momentum transferred from
light during illumination. This residual magnetic moment M,
decays over time as electrons transfer angular momentum to the
lattice by generating phonons with angular momentum, typically
occurring on a sub-picosecond timescale [43, 44] (Figure 4c). The
contradiction to our current understanding of electron dynamics
in metals after optical excitation arises when considering the
dynamics after the laser pulse ends. Whether the spin and
orbital polarizations were created by a single pump or dual
pumps, the electrons should, in principle, behave identically
once the excitation is over. After approximately 0.5 ps, the
electrons are no longer influenced by the pump light or any
macroscopic magnetic arrangement and interact freely with their
environment. Yet, the electrons excited by dual pumps exhibit
significantly different dynamics, with a 2.5-fold increase in the
decay time 7,. The observed increase in relaxation time implies
that dual-pulse excitation may transiently reduce the efficiency of
angular momentum exchange between electrons and the lattice,
potentially by influencing scattering pathways.

In dual-pump experiments where two coherent beams overlap,
periodic excitation patterns can, in principle, arise from optical
interference [45-50]. However, in our experimental configura-
tion, several factors strongly mitigate the formation and impact
of such interference patterns. Specifically, the two pump beams
impinge on the sample at significantly different angles, one at
normal incidence and the other at a grazing angle, resulting in
an interference wave front that is tilted relative to the sample
surface. This tilt, combined with the finite temporal and spatial
overlap of the pulses, effectively smears out the interference
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fringes on the sample surface. Numerical simulations performed
for our geometry confirm that the modulation of the excitation
intensity due to interference is mild, with the contrast between
maxima and minima amounting to approximately 15% of the
average non-interferometric intensity [23]. Moreover, even if a
stronger periodic excitation pattern were present, its influence on
the relaxation dynamics of the AM, ., would likely be negligible.
The spin system recovery is primarily controlled by spin-flip
interactions with the lattice and occurs on nanometer length
scales. Given the electron mean free path in copper (~40 nm),
it is highly unlikely that a mild spatial modulation on the order
of 1 um would significantly affect spin relaxation dynamics or
account for the observed factor-of-2.5 difference in relaxation
times. Regarding the orbital decay channel, currently not much is
known about the direct relaxation of orbital angular momentum
to the lattice, how this process takes place and where phonons
that can absorb angular momentum are located in the Brillouin
zone.

3.1 | Mechanistic Insights

The anomalous increase in 7, under dual-pump excitation
reveals that angular momentum dissipation becomes signifi-
cantly less efficient compared to the single-pulse case. Calcu-
lations of the electron-phonon thermalization in the related
noble metal Au have shown that at a few ps time delay the
phonon modes have not yet fully thermalized whereas the
electronic system has [51]. While this implies that energy has
been transferred from the electron system, an additional process
is needed to dissipate spin and orbital angular momentum to
the lattice. While for spin dissipation the relativistic Elliott-
Yafet spin-flip scattering [52] will be active, orbital dissipation
can be anticipated to involve different electron-phonon scatter-
ing channels. The reduced angular momentum dissipation in
Cu suggests that dual-pulse excitation transiently reshapes the
electron-phonon scattering phase space, potentially suppressing
key pathways for both spin-lattice and orbital-lattice coupling.
The persistence of this effect beyond the pump duration implies
a longer lasting modification of the spin- and orbitally-polarized
electronic state, driven not only by energy input but also by
the spatial and temporal configuration of the excitation, high-
lighting a qualitatively different way to control electron-lattice
interactions. The data presented here for Cu are consistent
with previous experimental observations of spin dynamics in
magnetically ordered materials, where dual optical excitation
similarly reduced the efficiency of angular momentum trans-
fer in various systems. For example, experiments on ultrafast
demagnetization dynamics in Pt/Co/Pt and TbCo systems [23]
revealed increased recovery times following ultrafast suppression
of magnetization induced by dual-pump excitation compared
to single-pulse excitation, occurring on picosecond timescales.
Similarly, studies of magnetization precession in permalloy [25]
showed prolonged decay times for magnetic oscillations triggered
by dual-pump excitation compared to single-pump excitation,
persisting for hundreds of picoseconds—far longer than any
known light-induced modifications to electronic states in metals.
These consistent trends observed across different materials and
timescales suggest that the phenomenon may represent a general
effect.

3.2 | Broader Implications

The demonstration of extended recovery dynamics of electrons’
spin/orbital state in a nonmagnetic material is particularly
intriguing. The lack of macroscopic magnetic order indicates
that modification to the scattering channels is happening on the
atomic scale and likely does not rely on the presence of long-range
order, which indicates that various kinds of magnetic arrange-
ments and couplings might be modified by dual optical excitation.
The ability to modify the spin and orbital dynamics at the level
of individual electrons through dual optical excitation opens
exciting possibilities for controlling quantum states in materials.
This technique could be harnessed to manipulate magnetization
dynamics in ultrafast spintronic devices, where precise control
over angular momentum transfer is essential. Moreover, the
persistence of modified electron magnetization dynamics over
nanosecond timescales suggests that dual optical excitation could
enable long-lasting changes in a material’s magnetic properties
without altering the crystal structure. This presents an innovative,
non-thermal route to functionalizing materials’ properties for
applications in optomagnetic devices and materials for quantum
technologies. Although ultrafast excitation with a single pulse
already alters electron scattering dynamics, our findings reveal
that dual-pulse excitation modifies the spin-lattice and orbital-
lattice relaxation dynamics in a fundamentally different manner.
The significant change in angular momentum relaxation time
implies that coherent dual-pulse excitation may access nontrivial
electron configurations or electron-phonon scattering regimes
that are not reachable with single-pulse excitation alone. This
raises the possibility that the structure and symmetry of the
excitation itself, not just the deposited energy, can transiently
reshape how electrons interact with their environment, poten-
tially pointing to a broader class of geometry-controlled ultrafast
phenomena.

3.3 | Future Directions

While this study provides compelling evidence for the modifi-
cation of electronic dynamics by dual optical excitation, there
are still many questions to be addressed. For instance, is this
effect specific to metals, or can it be observed in other nonmag-
netic or magnetic materials? How do factors such as excitation
wavelength and pulse duration influence the observed dynamics?
Addressing these questions will require systematic experimental
investigations across a range of materials and conditions, as well
as theoretical work based on significantly more experimental data
to develop models that explain the underlying mechanisms.

4 | Experimental Section
4.1 | Sample Preparation and Characterization

The sample used in this study was a commercial single crystal of
copper (5 X 5 x 1 mm, [110] out-of-plane orientation) purchased
from MTI Corporation. One side of the sample was polished
to ensure a smooth, reflective surface suitable for laser excita-
tion and measurements. No additional surface treatments were
applied prior to the experiments.
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4.2 | Laser System and Measurement Techniques

Ultrashort laser pulses were generated using an ActiveFiber
laser system, delivering pulses with a central wavelength of
1030 nm, a duration of about 300 femtoseconds, and a rep-
etition rate of 350 kHz. The fundamental wavelength for the
pump (4 = 1030 nm) was chosen for its stability and avoids
complications associated with frequency conversion. To produce
a A = 515 nm wavelength probe pulse for time-resolved measure-
ments, we employed frequency doubling using a beta barium
borate crystal. The dual-pump excitation setup utilized two laser
pulses (Pump 1 and Pump 2) incident on the sample at angles
of 2° and 60°, respectively. These angles were chosen to replicate
the experimental geometry used in prior studies on magnetically
ordered materials, ensuring consistency with earlier experiments.
The beam radius was 250 um for the pump and 100 pm for the
probe at normal incidence. Circular polarization for pump pulses
was obtained with a zero-order quarter-wave plate. The pump
beam intensity was modulated with an optical chopper at 500 Hz
maintaining the base repetition rate of the laser. This means
that the sample was alternately exposed to a 2 ms window of
continuous excitation at 350 kHz, followed by a 2 ms interval
without optical excitation. Measurements were conducted at
fluences 35% below the single-pump damage threshold of 35
mJ/cm? to ensure non-destructive conditions.

Magnetization dynamics was measured using a balanced photo-
diode setup to detect the transient polar Kerr rotation caused by
the induced magnetization. The probe beam was split into verti-
cally and horizontally polarized components using a Wollaston
prism, and the difference in signal between the two components
was measured to determine the polarization rotation of the probe
beam. This rotation was directly sensitive to the magnetization
of the sample. A narrow-band filter (520 nm + 40 nm) was
placed before the detector to ensure that only the 515 nm probe
light was measured, eliminating any contamination from pump
light or other wavelengths. However, when the sample is excited,
there is also a change in reflectivity, which leads to a change in
the overall intensity of the reflected probe beam. This change
affects the difference signal on the balanced photodiode and
causes an asymmetric shape of Kerr rotation signal for opposite
helicity of the pump beam (see Figure 1b) but does not alter the
interpretation of the data because we take the difference between
traces taken with opposite helicity of the pump pulse to extract
the magnetic signal. In addition to Kerr rotation measurements,
transient reflectivity changes were monitored using a separate
photodiode. Both signals were collected simultaneously using
two lock-in amplifiers, enabling a precise correlation between
magnetization dynamics and reflectivity changes under identical
experimental conditions.
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