L
Ig
-
()
e
©
=
—d
a
<

RESEARCH ARTICLE | JUNE 16 2026
Time-resolved magnetic force microscopy of all-optical
magnetization switching

Special Collection: Ultrafast Opto-Spintronics

Dinar Khusyainov & : Rein Liefferink @ ; Fabian Kammerbauer © ; Robert Fromter @ ; Mathias Klaui @ ;
Dmitry Kozodaev @ ; Johan H. Mentink ©© ; Dmytro Afanasiev @ ; Theo Rasing @ ; Alexey Kimel

’ '.) Check for updates ‘

APL Mater. 14, 061109 (2026)
https://doi.org/10.1063/5.0336534

& B

View Export
Online  Citation

Articles You May Be Interested In

Ultrafast laser-induced spin—lattice dynamics in the van der Waals antiferromagnet CoPS3
APL Mater. (July 2023)

Photon recycling in nanopatterned perovskite thin-films for photovoltaic applications

APL Photonics (July 2019)

Effect of nanostructured surface configuration on evaporation and condensation characteristics of thin film
liquid argon in a nano-scale confinement

AIP Conf. Proc. (December 2017)

AIP Advances

Why Publish With Us?

average time
to 1stdecision L

E 21DAYS " . | OVER4MILLION *ﬁ_ﬁ, INCLUSIVE

views in the last year scope

AlP

Learn More ,/é Publishing

Zv 8% €T 9202 AInC oF


https://pubs.aip.org/aip/apm/article/14/6/061109/3395149/Time-resolved-magnetic-force-microscopy-of-all
https://pubs.aip.org/aip/apm/article/14/6/061109/3395149/Time-resolved-magnetic-force-microscopy-of-all?pdfCoverIconEvent=cite
https://pubs.aip.org/apm/collection/682331/Ultrafast-Opto-Spintronics
javascript:;
https://orcid.org/0000-0003-1332-4146
javascript:;
https://orcid.org/0000-0002-8275-2665
javascript:;
https://orcid.org/0000-0002-5762-2762
javascript:;
https://orcid.org/0000-0002-3399-5628
javascript:;
https://orcid.org/0000-0002-4848-2569
javascript:;
https://orcid.org/0009-0007-1058-5582
javascript:;
https://orcid.org/0000-0002-4082-1984
javascript:;
https://orcid.org/0000-0001-6726-3479
javascript:;
https://orcid.org/0000-0002-6656-5528
javascript:;
https://orcid.org/0000-0002-0709-042X
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0336534&domain=pdf&date_stamp=2026-06-16
https://doi.org/10.1063/5.0336534
https://pubs.aip.org/aip/apm/article/11/7/071104/2900821/Ultrafast-laser-induced-spin-lattice-dynamics-in
https://pubs.aip.org/aip/app/article/4/7/076104/123192/Photon-recycling-in-nanopatterned-perovskite-thin
https://pubs.aip.org/aip/acp/article/1919/1/020049/797075/Effect-of-nanostructured-surface-configuration-on
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3470606&setID=1044456&channelID=0&CID=1678023&banID=524321803&PID=0&textadID=0&tc=1&rnd=2380636318&scheduleID=3650719&placementScheduleId=3650719&adItemScheduleId=0&adSize=1640x440&ip=134.93.130.68&metadata=%5B%5D&mt=1785419322861314&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapm%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0336534%2F21041822%2F061109_1_5.0336534.pdf&request_uuid=cd61eda0-999f-4f00-8f1b-da32adcc9182&hc=5bc212bc176ddb8bd2b03bc37ddd0b572c30a110&location=

pubs.aip.org/aip/apm

APL Materials ARTICLE

Time-resolved magnetic force microscopy
of all-optical magnetization switching

Cite as: APL Mater. 14, 061109 (2026); doi: 10.1063/5.0336534 @ I'l'l @
Submitted: 31 March 2026 - Accepted: 30 May 2026 -
Published Online: 16 June 2026

Robert Fromter,” Mathias Klui,”
Theo Rasing,’ and Alexey Kimel'

Fabian Kammerbauer,’
Dmytro Afanasiev,’

Rein Liefferink,'
Johan H. Mentink,’

Dinar Khusyainov,"”
Dmitry Kozodaev,’

AFFILIATIONS

TRadboud University, Institute for Molecules and Materials, Nijmegen 6525, AJ, Netherlands
?Institute of Physics, Johannes Gutenberg University Mainz, Mainz 55099, Germany
*NT-MDT BV, Sutton 11A, Apeldoorn 7327, AB, Netherlands

Note: This paper is part of the Special Topic on Ultrafast Opto-Spintronics.
2 Author to whom correspondence should be addressed: dinar.khusyainov@ru.nl

ABSTRACT

Understanding spin dynamics at ever shorter time and smaller length scales is one of the major challenges in fundamental and applied
magnetism, leading in particular to the discovery of giant magnetoresistance and All-Optical Switching (AOS) of magnetization and motivat-
ing the development of large-scale facilities such as x-ray free-electron lasers. Here, we propose a conceptually distinct approach to explore
ultrafast laser-induced spin dynamics at the nanoscale by combining tabletop Magnetic Force Microscopy (MFM) with femtosecond laser
excitation. By writing magnetic domains not with a single but with a pair of mutually delayed ultrashort laser pulses, we observe the spin
dynamics by analyzing the final static nanotextured domain pattern as a function of pump-to-pump delay. We show that using MFM, we are
able to deduce not only the average reversed magnetization but also the switched areas of nanoscale domains with picosecond temporal res-
olution. The capabilities of the technique are further demonstrated by applying it to study ultrafast helicity-dependent AOS of magnetization
in ferromagnetic Pt/Co/Pt, where magnetization can be reversed with a pair of 100-fs and 3-ps laser pulses. Tracking the laser-induced area
of the nanotextured domains as a function of the time separation between the pump pulses reveals critical slowing down of the spin dynamics
near the Curie temperature of Co, thereby increasing the efficiency of dual-pulse AOS.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0336534
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INTRODUCTION

Over the past five decades, the focus on progress in fundamen-
tal and applied condensed matter physics can be summarized in two
words: smaller and faster. Magnetism is no exception. Interest in
ultrafast magnetic phenomena at the nanoscale has been continu-
ously driven by the potential of this research to shape the future of
magnetic data storage." * This motivation has long fueled the devel-
opment of advanced experimental techniques capable of probing
spin dynamics with nanometer spatial resolution and picosecond
temporal resolution.”” Magnetic recording achieved via All-Optical
Switching (AOS), which relies solely on light without external mag-
netic fields, is one of the phenomena whose understanding greatly
benefited from such studies.” "

Here, we demonstrate the capability of a tabletop scanning-
probe method to perform in situ investigations of ultrafast laser-
induced spin dynamics at the nanoscale. The main idea of this
approach is to study ultrafast laser-induced processes using not one
but two or more ultrashort laser excitation pulses.'* >’ By employ-
ing pulses of different widths and varying the delays between them,
information about ultrafast laser-induced spin dynamics can be
deduced by analyzing the final nanoscale domain patterns using
the submicrometer resolution of intrinsically slow Magnetic Force
Microscopy (MEM).”

The power of this approach is demonstrated by its appli-
cation to the problem of helicity-dependent all-optical switching
(HD-AOS) in the ferromagnetic heterostructure Pt/Co/Pt. Using
HD-AOS, many (~100) circularly polarized picosecond pulses are
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required to switch magnetization through the magnetic circular
dichroism effect.'””'>'>**® Recent studies by K. Yamada et al.”>”
have shown that a combination of two pulses separated on a ps
timescale dramatically reduces the number of laser pulses required
to achieve multipulse HD-AOS in this ferromagnetic material. In
these studies, a short, linearly polarized 100-fs pulse was employed
to excite the magnetic system far from equilibrium, followed by a
circularly polarized 3-ps pulse that triggered homogeneous magneti-
zation reversal. These experiments used a magneto-optical detection
method that constrained the resolution to the optical diffraction
limit and, therefore, depended on macroscopic parameters such as
average magnetization. Furthermore, our recent study combining
MFM with short laser pulses demonstrated how stochasticity and
domain nanotexture affect HD-AOS.'"” Here, we show that using
MFM to examine dual-laser-pulse magnetization reversal allows
us to explore both the microscopic and macroscopic character-
istics of laser-induced nanotextured magnetic domains, studying
the switched area as well as average magnetization. We vary the
temporal separation between the two pump pulses and examine
the nanotextured domains induced by each pair. Using three-
temperature modeling (3TM), we find that the dependence of the
switched area of the reversed nanotextured domains on pulse-to-
pulse separation correlates with the spin-temperature relaxation. To
reproduce the experimentally observed dependence of the average
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magnetization and switched area of reversed nanotextured domains
as a function of time separation between the excitation pulses
requires accounting for the critical anomaly of the spin heat capac-
ity near the Curie temperature of Co. Analyzing the dynamics of the
temperature relaxation of the spin system, we observe that a 3 ps
long pulse forces the magnetic system to spend more time in a highly
non-equilibrium state by exploiting critical slowing down of spins,
resulting in a higher efficiency of dual-pulse and multipulse AOS.

RESULTS

We use a multilayer structure with perpendicular magnetic
anisotropy, consisting of thin films of Ta (1.0 nm)/MgO (2.0 nm)/Pt
(3.0 nm)/Co (0.6 nm)/Pt (3.0 nm)/Ta (4.0 nm) deposited on a syn-
thetic glass substrate. The sample exhibits perpendicular magnetic
anisotropy, with an out-of-plane magnetic hysteresis loop and a
coercive field of 28 mT (see supplementary material 1 and Methods).
To measure the nanotextured features of the laser-induced magnetic
domains, we use MFM coupled with a femtosecond laser source, as
shown in Fig. 1(a) (see Methods). For dual-pulse excitation, we split
the laser beam with a beam splitter and send one beam through a
delay line. Another pulse is stretched to 3 ps using a glass rod pulse
stretcher (NewLightPhotonics N-SF11). The second pulse duration
is 100 fs. The polarization of both pulses is controlled using a

tpp: 5ps tpp= -5 ps

0.3

o
(Bap) eseyd
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FIG. 1. Dual-pulse excitation and MFM probing. (a) Sketch of the experimental setup. We utilize a magnetic force microscope (MFM) coupled with a source of dual-pulse
laser excitation of a Pt/Co/Pt system. We use 100-fs linearly (rr) and 3-ps circularly polarized (o) laser pulses. (b) Single pulse excitation geometry. In this geometry, we use
a single or a sequence of 3 ps o laser pulses with a separation time of 2 ms. (c) Dual-pulse excitation geometry of the experiment. We use a pair of 7 and o laser pulses
with a separation time t,, = 5 ps. (d) Dual-pulse excitation geometry with t,, = -5 ps. (e) MFM images of the nucleated domains after a sequence of the o laser pulses.
We present MFM images after excitation with 5 and 200 pulses. We calculate the average magnetization within the white square of size 10 x 10 um?. The scale bar is 5
um. () MFM images obtained after dual-pulse excitation at to, = 5 ps. (9) MFM images obtained after dual-pulse excitation at t,, = —5 ps. We present MFM images after
excitation with one pair of pulses and a sequence of 4 pairs of pulses separated by 2 ms.
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half-wave plate and a quarter-wave plate. The two beams are cou-
pled through a beamsplitter and focused on the sample’s surface.
Using a delay line, we can control the time separation between the
two pulses with a time step of ~1 ps (see supplementary material
2). We nucleate magnetic domains via an ultrafast demagnetization
process' and immediately measure them in situ using the retractable
scanning MFM head. For a 3-ps laser pulse, we used a fluence of Fps
= 1.9 mJ/cm?, which is required for HD-AOS." For a 100 fs laser

ARTICLE pubs.aip.org/aip/apm

pulse, we used a fluence of Fg = 0.8 m]J/cm? to keep the temperature
of the magnetic system below the nucleation threshold while main-
taining approximately the same peak spin temperature as for a 3 ps
pulse (see supplementary material 3).

First, to analyze the laser-induced nanotextured domains, we
use a macroscopic parameter, the average magnetization (M), which
was previously used in magneto-optics. We calculate (M) within a
white square of size 10 x 10 ygm?>.”” When (M) = —1, all spins inside
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FIG. 2. Ultrafast spin dynamics revealed by a ps—fs pulse pair and MFM probing. (a) and (d) Average magnetization and (b) and (e) radius of area of laser-induced domains
as a function of positive and negative pulse separation fyp, respectively. The inset shows the excitation geometry. Line in b(e) is an exponential fit (guide to the eye),
respectively. (c) and (f) MFM images of the laser-induced domains using dual-pulse excitation as a function of the positive and negative t,,, respectively. The white dashed

circle on the MFM images serves to highlight the radius change of the laser-induced domain area. The size of the MFM images is 30 x 30 um?. The scale bar is 5 ym.
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the box are “down,” whereas (M) =1 indicates that the laser has
homogeneously switched all spins from magnetization “down” to

We begin by examining the effect of a single 3-ps circularly
polarized pulse [Fig. 1(b)] starting from a homogeneously magne-
tized sample with (M) = —1. A sequence of five such pulses, sepa-
rated by 2 ms, nucleates small magnetic domains with diameters of
~1 pm that are randomly distributed across the illuminated region,
resulting in an average magnetization of (M) = —0.96. Achieving
homogeneous magnetization reversal with this single-pulse excita-
tion geometry requires hundreds of pulses;'’'>** using 200 pulses
at a fluence Fp yields (M) = 0.91 [Fig. 1(e)].

We next investigate dual-pulse excitation [Fig. 1(c)]. Figure 1(f)
shows the MFM images obtained using a pulse pair consisting of
a 100 fs linearly and a 3 ps circularly polarized pulse, separated by
tpp = 5 ps. A single pulse pair produces only partial switching ((M)
= 0.37), but applying four pulse pairs separated by 2 ms significantly
improves the average magnetization to (M) = 0.81. When we reverse
the order of the pulses [Fig. 1(d)], the average magnetization drops:
one reversed-order pair yields almost no net reversal ({M) = 0.02),
and four such pairs produce only moderate switching ((M) = 0.51),
as shown in Fig. 1(g). To investigate how the time separation affects
the switching and provides access to ultrafast spin dynamics, we next
study laser-induced domain nucleation as a function of tpp.

We first focus on positive time separation, i.e., the ps pulse
arrives after the fs one. Figure 2(c) shows MFM images of the laser-
induced nanotextured domains as a function of positive tpp. Since
the laser-induced domain formation process is stochastic, we per-
formed the experiment three times for each fp. The corresponding
average magnetization [Fig. 2(a)] increases with tpp, peaks at ~0.4
for tpp = 5 ps, and then decreases to ~0.2 at tpp = 10 ps, in agree-
ment with earlier observations.”” We then reverse the pulse order
and repeat the delay-dependent measurement in Fig. 2(f). For neg-
ative delays, the average magnetization remains essentially zero for
all t,p [Fig. 2(d)], indicating that this macroscopic parameter carries
no dynamical information.

MFM offers significantly higher spatial resolution than
magneto-optical microscopy, enabling us to resolve small nan-
otextured domains that were previously inaccessible, along with
their microscopic changes. Subsequently, in Figs. 2(c) and 2(f), we
observe that the area containing laser-induced domains is strongly
dependent on the time separation tp,. To highlight this, we fit the
laser-induced domains within a circle (dashed line in Figs. 2(c) and
2(f)) and plot the radius of this circle (Rc) in Figs. 2(b) and 2(e)
for positive and negative values of tpp, respectively. The radius of
the laser-induced magnetic domains is extracted from MFM phase
images using a fixed contrast threshold, and the radius of the grains
is estimated by treating them as a single grain.

We plot R as a function of positive tp, in Fig. 2(b). We see that
the R decreases exponentially as a function of t,, from 14 to 9 ym
within the range of t,, from 0 to 4 ps and remains stable at 9 ym in
the range of t,, from 4 to 10 ps. We fit this dependence with an expo-
nential decay function [see the solid line in Fig. 2(b)] and extract
a characteristic time constant of 1.5 + 0.3 ps, a clear indication of
the ultrafast dynamics. Next, we plot R. as a function of negative tpp
in Fig. 2(e). Unlike the positive-delay case, Rc demonstrates distinct
dynamics on fpp. Initially, Rc remains constant at a value of 14 ym

ARTICLE pubs.aip.org/aip/apm

in the range of f,, from 0 to —3 ps, followed by relaxation of R
from 14 to 9 ym in the range of t,, from -3 to -5 ps, and finally
remains stable at 9 ym from -5 to —10 ps. A simple exponential
decay cannot capture this behavior, which differs qualitatively from
the dynamics observed in Fig. 2(b). As the initial plateau lasts longer
than the long pulse itself, this suggests that an additional physical
mechanism influences the thermal relaxation of the spin system. To
identify the origin of this anomalously slow relaxation, we turn to
three-temperature-model simulations.

DISCUSSION

We first identify the relation of the radius R. to the ultrafast
spin temperature dynamics. The radius R, represents the boundary
of the region where the local laser fluence exceeds the critical thresh-
old F. required to induce nanoscale domains. Because the laser pulse
has a Gaussian spatial profile, the deposited energy—and, therefore,
the temperature rise—is highest at the beam center and decays radi-
ally outward. As the peak incidence fluence F increases, the region
where F(r) > F. expands, where r is the radius of the Gaussian beam,
defining a circular area where we observe laser-induced domains
with radius Rc. This R. is therefore directly related to the experi-
mentally observed size of the switched area after the laser pulse. The
threshold fluence F. reflects the minimum energy needed to reach
the temperature required for domain nucleation. As the peak flu-
ence increases, the region where the local temperature exceeds the
switching threshold expands, leading to logarithmic growth of the
switched area with fluence. We demonstrate the relation between R
and fluence in supplementary material 4.

The existence of a sharp nucleation threshold suggests a ther-
mally activated process. In particular, experiments'” and modeling”’
show that the nucleation process is thermally activated and that the
probability of domain formation follows an Arrhenius-type tem-
perature dependence. A simple Arrhenius process with a constant
energy barrier does not fully capture this behavior; instead, it yields
a smoother transition. This is because the temperature dependence
of the magnetic free energy cannot be ignored here, being especially
strong near the phase transition due to fluctuations.”” Including
this will produce a strong threshold. When this strong tempera-
ture dependence is combined with the spatial fluence profile of the
laser beam, it results in an apparent sharp threshold fluence and
a well-defined switching radius. Given this relation, we solve the
3TM to relate experimental data of R. on tpp to ultrafast spin tem-
perature dynamics. We would like to note that we do not include
explicit lateral or vertical heat diffusion. This approximation is jus-
tified because the effects discussed in this study occur on a 10-ps
timescale, where the dominant processes are local electron, spin,
and lattice energy exchange rather than spatial heat transport (see
supplementary material 5).

A three-temperature model is commonly employed to simulate
relaxation in a ferromagnetic metallic system, tracking the tem-
perature changes of three baths—electrons, lattice, and spins—over
time, following laser pulse excitation.”' "' The model uses three
coupled differential equations

dT.
ce(Te)g = =Gel(Te = T1) = Ges(Te — Ts) + Pps(t — top, ) + Ps(t,7),
(1)
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dT

Cl(Tl)(Tt1 = =Ga(T1 - Te) - Ga(Ti - Ts), )
dT.

Cs(Ts dits :_Ges(Ts_Te)_Gsl(Ts_Tl)x (3)

where T, Tj, and T are the electron, lattice, and spin tempera-
tures; C. is the electronic heat capacity, modeled as y Te; G is the
lattice heat capacity, which linearly depends on temperature; G,
Ges, and Gy are the electron—-phonon, electron-spin, and spin-lattice
coupling constants; and Pps(t — tpp, 7) and P (¢, 7) are the absorbed
temporal and spatial laser power densities for the 3 ps and 100 fs
pulses, respectively. We calculate the absorbed fluence in the sample
in supplementary material 3. The parameters for the 3TM are listed
in supplementary material 6, which presents the averaged values for
the Pt/Co/Pt stack. Note that Ta and MgO are not considered.

We focus on the spin temperature for two reasons: (1) the
electronic system relaxes on sub-picosecond timescales after laser
excitation with a 100 fs pulse and, therefore, cannot account for
the observed ps dynamics (see supplementary material 3 and Ref.
12); (2) With MFM, we are sensitive only to the spin system of our
sample, while ultrafast magneto-optical measurements usually rely
on a change in the dielectric tensor of the material (which can also
be affected by electrons or lattice contributions). We solve the 3TM
model using Eqgs. (1)-(3) using parameters from the experiment and
extract the peak spin temperature as a function of r and t,,. Given
the nucleation threshold fluence F. from the experiment and the

Experiment vs simulations

—— 3TM with criticality
—— 3TM without criticality

6 8 10
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¢ Spin temperature dynamics
450
400 -
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e
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0 1 2 3 4 5

Time (ps)

® Experiment 450
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spatial full width at half maximum of the two beams (see Methods),
we can calculate R, at which the spin temperature T reaches its peak
at the fluence F. (see supplementary material 7). We plot the calcu-
lated R. as a function of t,p in Figs. 3(a) and 3(b) (gray lines) and
compare them with the experimental data. We can see that for posi-
tive values of t,p [Fig. 3(a)], the calculated R. captures the dynamical
behavior of Rc on tp, in the experiment, but it is off by around a fac-
tor of 3 for the R values. However, for negative ¢, values [Fig. 3(b)],
the calculated R. does not agree with either the dynamical behavior
of Rc on tpp or with the values of R in the experiment. To reproduce
the experimental results in our model, we need to account for addi-
tional physical effects that modify the magnetic system’s dynamical
response.

According to the 3TM model (see supplementary material 3),
the spin peak temperature during single pulse illumination reaches
Tc of our film (T.~500K*). The effect that typically impacts the
dynamics of magnetic systems near T is a critical slowing down of
spin dynamics, usually due to critical behavior of the heat capacity in
the vicinity of T..”” ° To phenomenologically capture this behavior
within the three-temperature model, we introduce a temperature-
dependent spin heat capacity using a phenomenological function
consisting of a constant background contribution and a critical
anomaly centered at T,”

S
CS(TS):CS() 1+ﬁ N (4)
L+ |15
b
Experiment vs simulations
1 50
14 ® Experiment 7
—— 3TM with criticality
- — 3TM without criticality] 49
E L
3 12 |
<
10 448
[ ]
sl i
L1 47
0 -2 -4 -6 -8 -10
t, (ps)
d

Spin temperature dynamics

500
<1510

400

300

-4 8
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‘\ 4490
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— without criticality 480
1 1
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FIG. 3. Ultrafast spin temperature relaxation dynamics. (a) and (b) Radius R. as a function of positive (a) and negative (b) f,, values. We compare simulation vs experiment
(solid line vs data points). We plot data points and simulations with criticality on the left axis, while simulations without including criticality on the right axis. (c) and (d)

Ultrafast spin temperature dynamics initiated by a single fs (c) and ps pulse (d).
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where Cy = 4 -10* J/m’K,** A is the width of the criticality region,
taken to be equal to 5 K, and ¢ and « are fitting parameters
representing the amplitude and scaling of criticality in the heat
capacity.

Next, we calculate R. as a function of #pp, taking into account
Eq. (4) in our 3 TM simulations. We plot R. as a function of tp in
Figs. 3(a) and 3(b) (blue line). We can see that for positive tp,, values,
the dynamics and the R, values agree well with experimental data.
For negative tp,, we see that Rc now captures the dynamical proper-
ties of the plateau before the relaxation, followed by relaxation, and
matches the experimentally observed R. values quantitatively. The
best agreement is obtained for a criticality amplitude of ¢ = 24.9
and « = 0.7 in the spin heat capacity (4) (supplementary material 8).
The estimated value of the spin heat capacity out of equilibrium (at
Ts = 500 K) is close to the values previously reported for a thin Ni
film out of equilibrium®® and similar to the total equilibrium heat
capacity of a Co/Pt multilayer at room temperature.”” However, the
extracted value of the critical exponent of heat capacity is larger than
the recently reported value of a = 0.07°° from photoemission spec-
troscopy experiments for a Ni thin film and the theoretical values for
the 3D Ising and 3D Heisenberg models (a ~ 0.1)**. Consequently,
the fitted exponent should be interpreted as an effective phenomeno-
logical parameter for our sample that describes the sharpness of the
heat-capacity anomaly, rather than the universal equilibrium critical
exponent.

Using the extracted 3TM model parameters, we can plot the
spin-temperature dynamics initiated by the first pulse in the pair
in the center of the laser beam. We plot the fs pulse-initiated
spin-temperature dynamics in Fig. 3(c). We compare the spin-
temperature dynamics for two cases: with criticality in the spin
heat capacity and without. We fit the spin temperature relaxation
dynamics to an exponential decay function and extract the char-
acteristic time constants. We can see that without criticality, the
spin temperature relaxes with different characteristic time constants.
Indeed, fitting the decay shows a characteristic time constant of 7¢ =
216 + 1 fs, while including criticality, the time constant becomes 7 ¢
=805 + 6 fs, demonstrating a substantial slowing down of the relax-
ation of the spin temperature by up to a factor of 4. In Fig. 3(d), we
plot the dynamics of the spin temperature initiated by a ps pulse,
including and excluding the critical phenomena in the spin heat
capacity. First, we see that the spin temperature reaches its peak
after excitation with the ps pulse at ~1 ps without criticality and
at ~3 ps with criticality. This delay in reaching peak spin temper-
ature aligns well with the experimentally observed plateau in the
dependence of R. on t,,. We can see that the relaxation of the spin
temperature also differs between the two cases. We fit the relax-
ation of the spin temperature using an exponential decay function.
The extracted characteristic time constants are 7, = 925 + 8 fs and
Tps,cr = 1647 + 7 fs. This demonstrates that criticality in the spin heat
capacity substantially slows down the ultrafast spin-temperature
relaxation dynamics.

Increasing the temperature relaxation time using ps laser pulses
and operating near T affects the size of the laser-induced domains,
as we illustrate in supplementary material 9. Here, for single pulse
excitation, we observe that the longer the spin-temperature relax-
ation after excitation, the larger the average size of the domains.
This size dependence might also be related to criticality and pos-
sibly explain why ps-long pulses are more efficient for HD-AOS."*

ARTICLE pubs.aip.org/aip/apm

Moreover, as the temperature approaches the Curie temperature,
the growth of the spin-spin correlation length is expected near
a second-order phase transition. As a result, fluctuations become
correlated over larger spatial regions, leading to the formation of
large domains of aligned or reversed spins. This growth of corre-
lated domains underlies the phenomenon of critical slowing down:
because increasingly large regions must reorganize collectively, the
relaxation time grows strongly near the critical point. Consequently,
the longer the system is maintained in the critical fluctuation regime,
the larger these fluctuating domains can become.”’ Similar results
were observed experimentally under equilibrium conditions, as
the size of the nucleated magnetic domains with magnetic pulses
increased with increasing temperature in Co/Pt.*! This may indicate
that the magnetic system in Co/Pt still partially maintains its equi-
librium properties even under the non-equilibrium conditions of a
ps pulse.

Finally, we discuss why the average magnetization is higher
when a short 100-fs pulse precedes the 3-ps pulse. Using atomistic
spin dynamics, K. Yamada et al.”” demonstrated that a 100-fs laser
pulse triggers the formation of nanometer-scale magnetic domains,
appearing ~4 ps after exposure. As shown in supplementary material
10, when the 100-fs pulse excites the magnetic system first, the
following relaxation of the spin temperature allows the magnetic sys-
tem to cool by ~50 K before the 3-ps pulse arrives at t,, = 4 ps,
enabling the formation of nanotextured domains. The subsequent
3-ps pulse brings the magnetic system to T, exploiting critical slow-
ing down and reversing the remaining unswitched magnetization
through enhanced magnetic circular dichroism near nanotextured
domains.”” By contrast, when the 3-ps pulse arrives first, the sys-
tem cannot cool efficiently on a picosecond timescale and remains
near T¢, postponing formation of nanotextured domains. The fol-
lowing 100-fs pulse then drives the system above T, producing only
small domains and leaving the average magnetization close to zero.
Direct visualization of nanoscale domain formation on ultrafast
timescales remains challenging because of its inherent stochastic-
ity and requires further measures to improve. However, dual-pulse
excitation and MFM in situ probing offer new perspectives for
studying such processes.

CONCLUSION

In this study, we have investigated all-optical magnetization
switching in ferromagnetic Pt/Co/Pt film using a dual-pulse exci-
tation scheme combined with in situ magnetic force microscopy.
By probing the laser-induced magnetic domains with an MFM, we
access macroscopic switching parameters that are usually captured
by conventional macroscopic magneto-optical observables, such as
average magnetization, but now with nanoscale spatial resolution.
We demonstrate that the radius of the switched area of laser-induced
domains provides a sensitive measure of ultrafast spin relaxation
processes initiated by the first pulse in a pulse pair. While the average
magnetization shows little or no dependence on pulse separation in
certain excitation geometries, the radius of the switched area reveals
clear delay-dependent signatures of spin-temperature relaxation on
picosecond timescales. By comparing the experimentally extracted
radius of the switched area with a three-temperature-model simula-
tion of this radius, we show that the observed delay dependence can
be consistently interpreted in terms of ultrafast spin-temperature
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relaxation. In particular, the relaxation dynamics exhibit an anoma-
lous slowing down that cannot be reproduced without accounting
for the critical behavior of the spin heat capacity near the Curie
temperature. This criticality slows down the ultrafast spin tem-
perature relaxation by up to a factor of 4. This critical slowing
down prolongs the residence time of the spin system in a highly
non-equilibrium state, thereby increasing the average size of the
laser-induced domains and subsequently enhancing the efficiency of
subsequent magnetization reversal. Our measurements demonstrate
that dual-pulse excitation and MFM probing are powerful tech-
niques for measuring ultrafast spin-relaxation dynamics and HD-
AOS in magnetic systems with nanoscale spatial and ps resolution.
Beyond the investigation of all-optical switching in ferromagnetic
thin films with perpendicular magnetic anisotropy, the presented
dual-excitation ultrafast MFM approach offers a versatile platform
for studying a broader range of nanoscale magnetization dynamics.
In particular, the combination of nanometer spatial resolution with
dual-pulse excitations enables future studies of nucleation dynamics
of skyrmions***’ or even exotic merons in in-plane magnetic films.**

METHODS
Sample

We used a multilayer structure with a perpendicular magnetic
anisotropy, consisting of thin films of Ta (1.0 nm), MgO (2.0 nm),
Pt (3.0 nm), Co (0.6 nm), Pt (3.0 nm), and Ta (4.0 nm) deposited
on a synthetic glass substrate. Magnetic properties were character-
ized using a Faraday rotation setup by measuring the out-of-plane
hysteresis loop. The structure shows a coercive field of about 28 mT.

Laser excitation

An amplified Ti:sapphire laser system (Spectra-Physics Spit-
fire Ace) with a central wavelength of 800 nm, adjustable pulse
durations of 100 femtoseconds, and a repetition rate of 1 kHz was
employed to locally manipulate the magnetization of the sample
surface. A quarter-wave plate was utilized to adjust the helicity of
the laser pulses, while an external Pockels cell was employed to
control the number of pulses during sequential illumination. We
measured the FWHM of the fs-pulse and ps-beam spots to be ~90
and ~110 ym, respectively, using the knife-edge method. The exper-
imental fluence values provided in the main text correspond to the
incident fluence at the sample surface. For the 3 TM simulations, we
used the absorbed fluence (see supplementary material 3). The pulse
widths of the ps and fs pulses were measured with a Spectra-Physics
PulseScout, defining the pulse duration at FWHM.

MFM

We utilized an NT-MDT NTEGRA atomic force microscope
for the MFM measurements. MFM images were acquired with a
probe height of less than 100 nm. The two-pass MFM method was
used. Low-moment MFM tips (NT-MDT MFM LM) were utilized
to avoid disturbing the magnetic domains in Pt/Co/Pt. MFM images
were corrected using the median line correction method. The quan-
tity measured with MFM is a phase shift, proportional to the second
derivative of the out-of-plane component of the stray magnetic

pubs.aip.org/aip/apm

field:*> A oc 9*H;,/Dz*, where Hy, is the out-of-plane component
of the stray magnetic field and z is the tip-sample direction.

SUPPLEMENTARY MATERIAL

See the supplementary material for further sample character-
ization details, which include the magnetic out-of-plane hysteresis
loop, the domain nucleation threshold induced by a single laser
pulse, and how pulse width affects laser-induced domain formation.
In addition, we provide parameters for 3 TM simulations, such as the
absorption profile, electron, lattice, and spin temperature dynamics
triggered by single and dual-pulse excitation, as well as the lateral
spin temperature distribution and spin heat capacity criticality used
in these simulations.
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