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We explore the impact of optical excitation using two interfering ultrashort optical pulses on ultrafast magne-
tization dynamics. Our investigation focuses on Pt/Co/Pt multilayers and TbCo alloy samples, employing a dual
pump approach. We observe significant variations in the dynamics of magnetization suppression and subsequent
recovery when triggered with two optical pulses of the same polarization—essentially meeting conditions for
interference. Conversely, dynamics triggered with cross-polarized pump beams exhibit expected similarity to
that triggered with a single pulse. Delving into the underlying physical processes contributing to laser-induced
demagnetization and recovery dynamics, we find that our current understanding cannot elucidate the observed
trends. Consequently, we propose that optical excitation with interfering light possesses the capacity to induce
long-lasting alterations in the dynamics of angular momentum.
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I. INTRODUCTION

It was demonstrated recently that ultrafast excitation with
two interfering noncollinear optical pulses induces magneti-
zation dynamics significantly distinct from that triggered by
a single excitation pulse [1]. Specifically, the decay time,
frequency, and amplitude of magnetization precession in a
permalloy film following dual optical excitation exhibit a
trend that cannot be explained within the classic understand-
ing of the interaction between ultrashort laser pulses and
a magnetic medium. Certain consistencies with the experi-
mental results were found when considering the action of
the optomagnetic field from pump pulses on the magnetic
moments. However, the explanation of a time window of
the effect, spanning almost a nanosecond, remained unclear.
Consequently, the influence of a previously unknown opto-
magnetic effect was hypothesized to be a potential cause of
the observed results. Namely, it was hypothesized that the
optical excitation with two noncollinear ultrashort laser pulses
that interfere alters the magnetic properties of the material,
and the induced modification persists for a time interval that
significantly exceeds the duration of the two ultrashort laser
pulses. If the suggested effect does exist, (i) it should be
observed in different magnetic materials, and (ii) other types
of ultrafast magnetization dynamics should also deviate from
the single-pulse excitation regime.

Here, we present our investigation of ultrafast demagneti-
zation dynamics after noncollinear dual optical excitation. We
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examine two different systems that have been widely studied
before with optical time-resolved methods: the Pt/Co/Pt mul-
tilayer and the TbCo alloy. In both samples, we observe a clear
difference between the demagnetization dynamics induced by
two interfering optical pump pulses and the dynamics induced
by two noninterfering pump pulses or the classic single-pulse
excitation regime. We show that the observed difference could
not originate from any form of spatial variation in excitation
efficiency associated with creation of transient gratings. Our
observations further support the hypothesis that optical excita-
tion with interfering light can cause long-lasting modification
of the dynamic magnetic behavior of the materials.

Since its demonstration almost three decades ago [2], ul-
trafast laser-induced demagnetization dynamics have been the
subject of extensive experimental and theoretical investiga-
tions [3,4]. The interest in laser-induced demagnetization is
driven by a combination of interest in the fundamental pro-
cesses involved in the phenomenon and potential technolog-
ical applications in next-generation data processing and stor-
age devices that utilize the principle of optical control of mag-
netization [5,6]. Significant achievements have been made in
revealing the underlying mechanisms. Most of the current
understanding of the ultrafast demagnetization process relies
on the process of angular momentum transfer from optically
excited electrons to other subsystems of the material. The
common argument, based on the phenomenological three-
temperature model (3TM) [2], is that optically excited hot
electrons transfer the energy to the lattice and spin systems,
increasing the temperature of these subsystems. The subpi-
cosecond timescale of demagnetization and recovery dynam-
ics is determined by the electron-electron, electron-spin, and

©2024 American Physical Society


https://orcid.org/0000-0002-4320-4957
https://orcid.org/0000-0003-1514-5264
https://orcid.org/0000-0002-6105-1659
https://orcid.org/0000-0002-9069-2631
https://orcid.org/0000-0001-8187-7178
https://ror.org/01wp2jz98
https://ror.org/00pg6eq24
https://ror.org/02en5vm52
https://ror.org/01js2sh04
https://ror.org/04v76ef78
https://ror.org/048a87296
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.054425&domain=pdf&date_stamp=2024-08-14
https://doi.org/10.1103/PhysRevB.110.054425

SERGII PARCHENKO et al. PHYSICAL REVIEW B 110, 054425 (2024)
(a)
Pt/CO/Pt ” ThCo (c) 08 . (d) .
Pump 2, 1030 nm = P-pol 0241 m Popol
o S-pol .® - o S-pol )
0.6 . 0.22 s By
- L} - . ® * o $
s . @ 0.20 . o® - ]
Fos o v 3
% . 5 0.181 i g 8, 1
0.24 L] . 0.16 o g =
1 8
g .
00l ® . | | 0.141 L | 1
0 4 6 8 0 2 4 6 8
Fluence (mJ/cm?) Fluence (mJ/cm?)
(e) . . : : (f) 10 : ; : :
[T T 70 e :
o S-pol s® 0.9 po bt g
0.4 o .t
-0.21 ' .’ .08 1E
E ] 8_ s n
s =031 & = 074 L
S s e & w88
< 044 < 0.2 = L4 0.6 e o
] a ] .
o1y 05 ) i’
0.6 . o 0.4 ; . ; ;
Pt/Co/Pt bios T & 8 o 2 4 6 8

-1 0 1 2 3
Delay time (ps)

Fluence (mJ/cm?) Fluence (mJ/cm?)

FIG. 1. (a) Experimental geometry of dual optical excitation experiments. (b) Time-resolved demagnetization dynamics in Pt/Co/Pt after
excitation only with S- or P-polarized pump 1 with fluence F = 7.5 mJ/cm?. The red line is fit to Eq. (1). (c) Demagnetization amplitude
AMyy, (d) demagnetization time tyy,, (€) recovery amplitude AM,.., and (f) recovery time 7., as a function of pump 1 fluence for P and S
polarization. The error bars are the 95% confidence intervals. For panels (c) and (e), the error bars are smaller than the size of the data markers.

electron-lattice coupling times. Several possible dissipation
channels have been discussed including electron-lattice spin-
flip scattering [7-9] and electron-magnon interaction [10-12].
Also, an alternative approach involves spin transport across
the sample [13—15]. The subsequent rapid partial recovery of
magnetization is driven by the same principles, but instead of
transmitting angular momentum to the lattice, electrons gain
angular momentum from the lattice. Even though the contri-
bution of particular scattering mechanisms varies in different
systems and the relative contribution is still the subject of de-
bate, within the 3TM the dynamics is nonetheless expected to
be the same when triggered either with a single pulse or with
two overlapping ultrashort laser pulses that come from dif-
ferent directions. For an optically isotropic magnetic media,
the triggered ultrafast demagnetization and recovery dynamics
must be the function of the number of absorbed photons and
any additional nonlinear absorption effects that could alter the
ultrafast magnetization dynamics should show a similar trend
in the case of single or dual pulse excitation approaches.

II. RESULTS AND DISCUSSION

In our study, we investigated two systems: a Pt/Co/Pt
multilayer and a TbCo alloy. The Pt/Co/Pt multilayer
sample was fabricated using -electron-cyclotron (ECS)
and direct current (DC) magnetron sputtering on a
SizNy substrate. The specific sample structure was
Pt(2nm)/[Co(0.8 nm)/Pt(1.4 nm)],¢/Pt(2 nm DC)/Pt(4 nm
ECS)/SizNy. This Pt/Co/Pt configuration exhibits out-of-

plane anisotropy with a coercive field Hc of approximately
25 mT and a saturation field Hg of approximately 250 mT.
For the TbCo alloy, an amorphous film with a composition
of Tb;sCoy, and a thickness of 20 nm was prepared using
DC magnetron sputtering. The resulting sample structure
comprises an Al,Osz capping layer (2 nm)/Tb;3Cop film
(20 nm)/Al,03 seed layer (2 nm)/SiO, substrate. More
detailed information about the TbCo film can be found in
[16]. Like for the Pt/Co/Pt multilayer, the TbCo film also
exhibited out-of-plane magnetic anisotropy with a coercive
field Hc = 250 mT.

The experimental geometry for dual-pump time-resolved
experiments closely resembles the setup used in [1] and is
depicted in Fig. 1(a). Ultrashort laser pulses were generated by
a Yb-fiber laser with a fundamental wavelength A = 1030 nm
and a repetition rate of 50 kHz. Optical excitation involved
the application of two linearly polarized pulses, each lasting
300 fs full width at half maximum, and characterized by a
wavelength of A = 1030 nm. The pump spot size was set
to 250 um, with incidence angles of 2° and 60° for pump 1
and pump 2, respectively. The polarization direction of pump
1 was varied using a half waveplate, while that of pump 2
remained P polarized throughout all the experiments. Linearly
polarized optical probe pulses with a wavelength of A =
515 nm and a spot size of 100 um were generated through
frequency doubling of the laser’s fundamental wavelength.
The probe beam was incident at an angle of approximately
5° to the surface normal. We estimate that the duration of
the probe pulse is comparable with the duration of the pump
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FIG. 2. (a)~(c) Demagnetization dynamics in Pt/Co/Pt after excitation with two pump pulses with an equal fluence of 4 mJ/cm? for pump-
pump delay times At = 0.86, 0, and —0.86 ps, respectively. Pump 1 was either P or S polarized, and pump 2 was always P polarized. The
purple line in panel (b) is the simulated AM/M signal for P-P polarizations considering only the periodic alternation of the excitation strengths.
See the main text for more details. (d) The absolute value of the maximum magnetization suppression | AM™#* /M| as a function of pump-pump
delay At for the P-P and S-P configurations (bottom panel) and the difference between the two dependencies (top). The inset to the bottom

panel describes the determination of Ar.

pulses. The probe for transient magnetization change AM
was based on analyzing the Kerr rotation of the polarization
plane of the reflected probe beam using a balanced detection
scheme. In this arrangement, the primary magnetic signal was
derived from the polar magneto-optical Kerr effect (MOKE),
which is sensitive to the out-of-plane component of magne-
tization. The pump-probe delay time presented in the plots
below represents the separation between pump 1 and probe
pulses. An external magnetic field of H = 300 mT was applied
perpendicular to the sample surface, sufficient to maintain the
monodomain magnetic state in both samples.

Figure 1(b) shows the transient magnetization change
AM/M in the Pt/Co/Pt sample after excitation only with
pump 1 with fluence F = 7.5 mJ/cm?. Following the rapid
decrease in the AM/M signal on a subpicosecond timescale,
corresponding to demagnetization dynamics, partial recovery
of AM/M 1is observed a few picoseconds after excitation.
The observed dynamics align with previously reported
observations [17,18]. Traces taken under P- and S-polarized
pump pulses show no difference, as expected for the thermal
mechanism of excitation and equal absorption for P- and
S-polarized light at nearly perpendicular incidence. Two
exponential functions with convolution to the pulse duration
were used to fit the time traces:

AM(I):{ (AMdm e_t/Tdm + %e_t/frec>g(l‘)} @@,

M M
(0

where AMgm(rec) and Tamerecy Tepresent the amplitude and
characteristic time of the demagnetization and recovery
components, respectively, g(¢) is the step function, and I'(¢)
is the convolution to the Gaussian laser pulse. The panels in
Figs. 1(c)-1(f) show the values of AMyn, Tam, AM; e, and

Trec, TESPEcCtively, as a function of the pump 1 fluence. All four
quantities linearly increase with increasing optical excitation
fluence, which is consistent with previously reported observa-
tions [8,19]. It should be noted that the demagnetization time
of Co is on the order of 100 fs [18,20], which is shorter than
the pulse duration in our experiments, resulting in a situation
when demagnetization takes place when the excitation pulse
is present in the material, thereby smearing out the dynamics.

When employing two optical pulses to induce the
demagnetization dynamics, notable distinctions arise when
compared to the single-pulse excitation regime. The fluence
of pump 1 and pump 2 was F = 4 mlJ/cm? for each pulse.
Figures 2(a)-2(c) illustrate the magnetization dynamics in
Pt/Co/Pt following excitation with pump 1 and pump 2 for dif-
ferent pump-pump delay times At. In instances where the two
pump pulses are separated by a time window exceeding the
pulse duration, there is no discernible difference in the dynam-
ics when pump 1 is either P or S polarized, denoted as the P-P
and S-P configurations, respectively (with pump 2 always be-
ing P polarized). However, a clear difference in magnetization
dynamics is evident when pump-pump delay time Az = 0ps
[see Fig. 2(b)]. When two noncollinear optical pulses with
the same polarization overlap in time, they are in interference
conditions. This interference induces a spatially periodic
modulation of excitation efficiency: the sample is more
strongly pumped at interference maxima and less pumped at
minima. Considering the linear fluence dependence of all four
parameters that describe the magnetization dynamics (refer
to Fig. 1), it is possible to simulate the expected AM(t)/M
signal for optical excitation with interfering light considering
a periodic excitation pattern. This simulation takes into
account only the variation in excitation efficiency while
assuming that the material behavior remains the same (refer
to the Supplemental Material for more information [21]). The
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FIG. 3. Fit results of dynamics in Pt/Co/Pt: (a) demagnetization amplitude AMy,,, (b) demagnetization time 74y, (c) recovery amplitude
AM,., and (d) recovery time 7, as a function of the pump 1 polarization direction, determined by the rotation of the half waveplate, after
excitation with two pump beams. Pump 2 was always P polarized. The fluence for the two pumps was 4 mJ/cm?. The half waveplate position

when excited in the P-P and S-P configurations is indicated in panel (a).

simulated signal, depicted in Fig. 2(b) by the purple line,
closely resembles the time trace measured in the S-P
configuration. Consequently, the observed discrepancy in
magnetization dynamics cannot be solely explained by
considering periodic excitation patterns and must arise from
a light-induced modification of the magnetic properties of
the material. Consistent with the results reported in [1], the
difference in dynamics is evident only within the At window,
which is compatible with the pump pulse duration in our
experiments [see Fig. 2(d)].

Furthermore, we delve into the magnetization dynamics
after dual excitation for pump-pump delay Ar = 0ps, ex-
ploring the variation in interference efficiency by rotating
the polarization direction of pump 1 in Pt/Co/Pt. The results
are summarized in Fig. 3, where all four graphs depict the
variation in the respective parameters as a function of the
polarization direction of pump 1. The demagnetization AMgyp,
and recovery AM,.. amplitudes reach their maximum when
the two pumps are out of interference conditions (S-P config-
uration) and are minimized when interference conditions are
perfectly met. However, the relative differences in these values
are not the same (refer to Fig. 3). Furthermore, given the linear
increasing trend of AMym, AM;ec, Tam, and T as a function
of excitation strength (refer to Fig. 1), one would expect all
four quantities to follow the same tendency. Simultaneously,
the dependence of the demagnetization time 74y, and recov-
ery time 1. shows the opposite trend. The time constants

are largest when interference occurs between the two pumps
and smallest when interference is suppressed. Considering the
limited temporal resolution of our setup we cannot ultimately
conclude whether the demagnetization time was affected due
to the action of the dual optical excitation and the obtained
change in demagnetization time is only slightly above the er-
ror bars. However, the changes in demagnetization efficiency,
as well as recovery amplitude and time, are very evident.
During the demagnetization process, induced by ultrashort
laser pulses, there is a transfer of angular momentum from
electrons to the lattice. Conversely, during the recovery phase,
this transfer of angular momentum occurs in the opposite
direction. The most widely discussed mechanism driving
ultrafast demagnetization and recovery dynamics is electron-
phonon spin-flip scattering, as described by the Elliott-Yafet
mechanism [3]. In the demagnetization stage, an optically
excited electron can change its spin by emitting a phonon
or magnon. This process takes place rapidly, within a sub-
picosecond timescale, particularly when electrons exist in a
laser induced out-of-equilibrium state. Subsequently, during
the fast recovery dynamics, which occur on a picosecond
timescale, the lattice returns a portion of the previously
transferred angular momentum to the electrons. The spin-
flipping process is facilitated by the absorption of phonons
and is influenced by the electron-lattice relaxation time. For
a given material, the Elliott-Yafet spin-flip probability is a
constant value related only to the spin-orbit coupling and
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exchange splitting and thus to the magnetic moment of the
atom [22-24]. The timescale and magnitude of both the de-
magnetization and recovery phases should increase linearly
with increasing fluence of optical excitation, as shown also in
our experiments with a single excitation pulse. Next, in our ex-
periments with two excitation pulses, the efficiency of optical
excitation within the probed area is the same for the P-P and S-
P configurations. Pump 1, with varying polarization, impinges
on the material almost at normal incidence, and the polariza-
tion of pump 2 is constant. Thus, considering nearly the same
absorbed fluence, the dynamics in P-P and S-P configurations
must be identical. However, the experimental observations
clearly show the opposite. It should be also noted that any
nonlinear absorption effects that might cause changes in the
magnetization dynamics should be seen also in single-pulse
excitation experiments. The observed dynamics after dual
pulse excitation in the S-P configuration is very similar to that
after a single pulse excitation as can be seen from the com-
parison of Figs. 1(b) and 2(b). The magnetization response
is different only when two pump pulses are in interference.
Thus, the observed variations in the magnitude and timescales
of demagnetization and recovery dynamics, together with pre-
viously reported findings about the magnetization precession,
further indicate that ultrafast optical excitation with two non-
colinear interfering pulses changes the magnetic behavior of
the materials related to the dynamics of angular momentum.
The impact of optical excitation with interfering ultrashort
light pulses on the dynamics in TbCo alloy exhibits note-
worthy differences compared to that in the Pt/Co/Pt system,
as illustrated in Fig. 4, where demagnetization dynamics for
both samples are depicted for an extended delay time. The
optical fluence of both pump beams when exciting the TbCo
sample was F = 1.5 mJ/cm?. The TbCo displays a more
pronounced suppression of magnetization when two pulses
interfere while for Pt/Co/Pt magnetization suppression it was
smallest in the P-P configuration. The extracted parameters
(AMgm, AMiec, Tam, and i) for TbCo as a function of pump
1 polarization are detailed in the Supplemental Material [21].
The orange curves in both panels of Fig. 4 represent the dif-
ference between time traces collected after optical excitation
with temporarily overlapping pump pulses in the P-P and S-P
configurations. Notably, the difference in dynamics between
the P-P and S-P configurations in Pt/Co/Pt is evident from the
initial moment of excitation, while for TbCo, the initial 0.25
ps of dynamics is the same. Furthermore, the disparate dynam-
ics in Pt/Co/Pt persist for more than 20 ps after the excitation,
while there is almost no difference in TbCo already after 3 ps.
The observed delay in the reaction to optical excitation
with interfering pulses for TbCo may indicate that the possible
long-lasting modification of angular momentum transfer
could be induced in electrons that were not directly affected
by optical excitation with interfering photons. In Pt/Co/Pt
we optically excite and track the change in magnetization of
Co, which is the dominant magnetic element in the system.
Induced magnetization of Pt due to proximity effects we
consider to have a minor contribution to the measured signal.
However, for TbCo, NIR optical excitation initially affects
delocalized 3d electrons of Co and 5d electrons of Tb [8].
Later, the excitation is transferred from 5d electrons to more
localized 4f electrons of Tb [9]. With Appe = 515 nm, the
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FIG. 4. (a) Demagnetization dynamics in Pt/Co/Pt multilayer
and (b) TbCo alloy shown for an extended delay range for P-P and
S-P polarizations. The orange trace is the difference between curves
taken with different polarizations. The pump-pump delay time is
At = 0ps.

probed signal contains a mixture of magnetic moments of 4 f
and 5d electrons of Tb ions, with the 4 f contribution expected
to be dominant due to the significantly higher magnetic
moment associated with 4 f states [25-27]. However, there are
some contributions from Tb 5d and Co 3d states in the probed
signal. If the modification of electron properties, associated
with dual pump excitation, would affect only the optically
excited 5d electrons of Tb and 3d electrons of Co and the
behavior of 4 f states remained intact, we would expect to see
a difference in magnetization dynamics between the P-P and
S-P configurations that is proportional only to the difference
in the demagnetization and recovery rate of 5d electrons
and should be seen from the initial moment of excitation. In
addition, the shorter period for TbCo where the dynamics
between S-P and P-P excitation are disparate may suggest that
the recovery of electrons to the ordinary state occurs faster
in more localized 4f states than in delocalized 3d states.
Thus, the delay in the difference between magnetization
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dynamics in P-P and S-P configurations in TbCo and the
different temporal evolution of disparity between dynamics
in P-P and S-P configurations is an indication that the
properties of 4f electrons were affected indirectly via
interactions with electrons that were initially modified by
dual pump excitation. At the same time, the behavior of
Co 3d and Tb 5d electrons in TbCo alloy might be modified
differently by the dual pump than the respective modification
of the behavior of Co 3d electrons observed in Pt/Co/Pt
multilayers. These considerations provide valuable insights
into describing modification of magnetization dynamics after
dual-pump excitation but require further investigation and
can be confirmed only by the clear separation of 4f and 5d
dynamics [10], which is challenging with optical methods
and could be done only with the X-ray Magnetic Circular
dichroism (XMCD) probe.

Finally, we would like to clarify that the idea of using
two optical pulses in interference for ultrafast excitation is
not particularly new. Several past works reported on mag-
netization dynamics after excitation with two optical pulses,
where the main aspect was on creation of transient gratings
[28-31]. However, the separation of effects related to peri-
odic excitation patterns, reported previously, and modification
of magnetization dynamics, described in this study, requires
a careful comparison of dynamics excited when two pump
pulses are in and not in interference.

III. SUMMARY

In summary, our study provides further evidence that
optical excitation with two noncollinear ultrashort pulses

that interfere induces long-lasting modification of the
magnetization dynamics. This modification extends beyond
the previously reported effects on magnetization precession
to influence optically induced demagnetization and recovery
dynamics. Examining the mechanisms responsible for these
processes we suggest that the electron angular momentum
dynamics might be altered due to the optical excitation with
interfering light. At this stage, the mechanism of such possible
modification remains unclear. If the proposed hypothesis is
true, this might imply the possibility of altering the fundamen-
tal properties of electrons, particularly that related to angular
momentum, which is currently considered constant for all
electrons. Further experiments are necessary to understand the
effect after ultrafast optical excitation with interfering light on
the magnetic behavior of materials.
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