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Short nanometer range optically induced magnetic fluctuations accompanying ultrafast
demagnetization of nanoscale ferromagnetic domains
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We have studied the nature of optically induced short-range magnetic fluctuations occurring at 10-nm
length scale during ultrafast demagnetization in ferromagnetic Co/Pt multilayers. The time resolved probing of
magnetization dynamics was performed with femtosecond soft x-ray pulses at the European x-ray free-electron
laser. A transient high-q magnetic scattering accompanying and directly correlated to the destruction of the maze
domain network has been observed at picosecond time scale in the wave vector region of 0.2–0.8 nm−1. This
high-q scattering has a purely magnetic nature and is ascribed to the optically induced short-range magnetic
fluctuations developing in the disturbed but not fully destroyed magnetic domain network. Finally, we have
simulated the optically induced response of the domain system using a two-temperature atomistic spin model
and have concluded that the reason behind the high-q scattering is the laser-driven heating inducing thermal
fluctuations of the domain magnetic structure.

DOI: 10.1103/PhysRevB.108.174444

I. INTRODUCTION

The optical manipulation of the magnetization on sub-
picosecond timescales has been a field of intense research
since the discovery of ultrafast demagnetization in 1996 [1–3].
While the origin of ultrafast demagnetization was intensively
investigated over the last decades, information of the ultrafast
spatial evolution of the magnetization is scarce [4–6]. Pfau
et al. provided the first evidence that lateral superdiffusive
currents [7,8] contribute to the demagnetization of the domain
network leading to a transient broadening of magnetic domain
walls. The conclusion was drawn indirectly from a shift in the
magnetic scattering peak related to the domain pattern. Since a
direct access to sub-100-nm length scales is not given at ultra-
violet free-electron laser (FEL) wavelengths, an investigation
of local inhomogeneities in the magnetization dynamics was
not possible in this experiment. The x-ray FEL (XFEL) study
directly investigating the magnetic response upon IR pump-
ing on a sub-100-nm-length scale was published, dealing
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with ferrimagnets exhibiting a single-domain state that were
optically driven close to or through the ferrimagnetic-to-
paramagnetic phase transition [9]. The appearance of a high-q
diffraction ring with a diameter that transiently changes on
a-few-picosecond time scale was attributed to dynamically
varying short-range magnetic inhomogeneities caused by non-
linear magnon localization and coalescence processes [5].
For nanoscale ferromagnetic domain networks, it is still an
open question whether local inhomogeneities on a 10–100 nm
length scale play a crucial role in the demagnetization and
remagnetization dynamics [10–12].

Here we report on IR-pump / soft-x-ray-probe investigation
of the magnetization dynamics in nanoscale ferromagnetic
maze-domain networks of Co/Pt multilayers with perpen-
dicular magnetic anisotropy [6,13]. The experiment was
performed at the SCS beamline of European XFEL [Fig. 1(a)]
[14]. The ultrashort soft x-ray light pulses fed from XFEL
at MHz-repetition rate [Fig. 1(b)] were used to take instant
snapshots of spatial magnetization distribution employing res-
onant magnetic small-angle x-ray scattering (mSAXS) as a
probe. In the present work we have detected an optically
induced transient magnetic scattering signal on picosecond
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FIG. 1. mSAXS experiment and data analysis. (a) The magnetic multilayer with a magnetic maze-domain pattern is pumped by a IR-laser
and probed by a FEL-pulse at time delay �t . The resulting mSAXS signal is detected by the DSSC detector on a single-shot basis. (b) IR
and FEL-pulse structure. One pulse train consists of 10 IR (20 FEL) pulses delivered with a repetition rate of 280 kHz (560 kHz); the train
frequency is 10 Hz. (c) Low-q sector of the DSSC-detector signal showing the position of the third-order magnetic scattering (white ring),
corresponding to the Fourier transform of sharp domain wall boundaries. The first-order magnetic scattering ring is hidden behind the beam
stop. The first quadrant shows the respective first-order magnetic scattering signal of the same sample obtained at VEKMAG@BESSY II
(yellow ring) [15]. (d) DSSC-detector signal for a time delay of �t = −5 ps (left) and �t = +15 ps (right). (e) Radial intensity I times
scattering vector q vs q behavior obtained from azimuthal averaging the intensity I of the scattering images shown in (d) (blue, orange). The
green curve displays the difference between both I · q(q) curves.

timescales in the wave-vector region above 0.2 nm−1 corre-
sponding to lateral periodicities below 30 nm [Figs. 1(d) and
1(e)], i.e., significantly smaller than the 190-nm periodicity
of the static magnetic domain pattern [Fig. 1(c)]. Based on
the detailed investigation of the scattering signal as a func-
tion of IR fluence and applied magnetic field, we show that
the additional transient signal appears mainly in the ferro-
magnetic region of the phase diagram far below IR fluences
that trigger a ferromagnetic-to-paramagnetic phase transition.
Moreover, in contrast to Iacocca et al. [9], we reveal that
the high-q scattering is related to the collective excitations
within the domain network, namely to the short-range fluc-
tuations of the magnetic domain pattern upon IR excitation.
The experimentally observed time evolution of the magnetic
scattering has been well reproduced by a phenomenological
two-temperature model simulating the spin dynamics trig-
gered by the IR laser pulse.

II. EXPERIMENTAL

As a sample system, a Co/Pt multilayer with perpendic-
ular magnetic anisotropy grown by sputtering techniques on
50-nm-thick Si3N4 membranes with lateral dimensions of
100 × 100 µm2 was used [7]. The thicknesses of the indi-
vidual Co and Pt layers were 1.0 and 1.2 nm, respectively,

and a total of six repetitions of the Co and Pt was
deposited on a Pt seed layer of 5 nm thickness, i.e.,
Pt 5.0 nm/ [Co 1.0 nm/Pt 1.2 nm]6/ Pt 0.8 nm. The Pt cap
layer is 2-nm-thick to prevent oxidation. After growth, the
sample was demagnetized in an out-of-plane magnetic field
to generate a labyrinth-like close-to-equilibrium domain state
with an average lateral domain size of ≈95 nm. The domains
are topologically congruent in the perpendicular direction. A
chip with a total of 64 membranes (array of 8 × 8 with a pitch
in both directions of 1 mm) was used for the experiment.

The experiment was conducted using a pump-probe
scheme with x-ray FEL probe radiation resonantly tuned to
the L3 edge of Co (Eph = 778 eV). The FEL was operated at
560 kHz delivering 20 probe-pulses per train with 10 trains
per s [Fig. 1(b)]. The duration of each x-ray light pulse was
25 fs. The IR pump laser (λ = 800 nm) was synchronized
to the FEL pulses so that a variable delay time �t between
the pump and the probe could be set. The data was collected
in runs consisting around 10000 trains with the delay time
either fixed to a constant value or scanned back and forth
between −5 ps and +60 ps. The mSAXS patterns were col-
lected in transmission geometry on a single-shot basis using
the DSSC (depleted field effect transistor sensor with signal
compression) detector [16] positioned at 600-mm downstream
of the sample. The angular size of the DSSC detector used in
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FIG. 2. Temporal evolution of the scattering intensity for the first ten FEL pulses in a train (n � 10) for a fluence of f = 5.6 mJ/cm².
The maximum time delay per n is 40 ps; the FEL pulses in a train are separated by 1.8 µs. Only for odd n the sample is pumped by the IR
pulse. (a) Azimuthally averaged detector signal I vs scattering vector q, time delay �t, and n. (b) Normalized differential signal �IN obtained
from (a) particularly revealing a transient scattering signal in the high-q region for n = 1, 3, 5. (c) and (d) display the temporal evolution of
�IN for q = 0.1 nm−1 and q ∈ (0.18−0.8 nm−1), respectively. The square root of �IN (q = 0.1 nm−1) serves as a measure for the saturation
magnetization MS.

the XFEL experiment was about 20 times larger compared
to the diameter of the first-order scattering ring from the
maze domains [Fig. 1(c)]. For technical reasons the first-order
scattering ring was hidden behind the beam stop located in
the central part of the detector and could not be observed.
With the second-order scattering ring forbidden for the square
meander lateral magnetization distribution, the only scattering
from magnetic domains observed in the present experiment
was the third-order scattering ring [Fig. 1(c)]. Compared to the
FEL, the IR laser was operated at a twice smaller frequency
of 280 kHz delivering 10 pump-pulses per train, such that
every odd-numbered FEL pulse probed the pumped state on a
picosecond time scale while every even-numbered FEL pulse
probed the pumped state about 1.8 µs after the arrival of
the latest IR pulse. The timing of the pump-probe method
employed was initially chosen assuming that the sample fully
recovers within 3.6 microseconds from one IR pulse to the
next. As will be discussed later in the text, this condition was
not fulfilled. Thus, only the first IR pulse in the train interacted
with the magnetic system in an equilibrium.

III. RESULTS

The typical mSAXS patterns obtained 5 ps before and
15 ps after the IR pulse are shown in Fig. 1(d). The scattering

patterns originating from the magnetic maze domains are
nearly symmetric azimuthally. There exists a small nonsys-
tematic asymmetry in the measured patterns, that becomes
less pronounced as the number of averaged frames is in-
creased. In what follows this asymmetry is not taken into
account being canceled out by azimuthal averaging to obtain
the dependence of intensity I on scattering vector q (Fig. 1(e)).
As seen from Figs. 1(d) and 1(e), the main effects of the IR
pumping are a decrease of the scattering intensity in the low
q = 0.1 nm−1 region corresponding to the third-order scatter-
ing ring and the appearance of additional scattering at high
q > 0.2 nm−1 region. Full scattering maps I (q, dt,n) for the
first n = 1 − 10 pulses in a train are given in Fig. 2(a). To
remove the nonmagnetic charge scattering background, we
calculate the difference signal �I (q, �t, n) = I (q,�t, n) −
〈I (q, n = 1)〉�t<0 relative to the unpumped state present at
the very beginning of the train. To quantify the degree
of demagnetization, we further introduce �IN (q, �t, n) =

�I (q,�t,n)
〈�I (q=0.1nm−1,n=20)〉 , i.e., a normalization (N = normalized) of
the signal to the intensity observed at the end of the train,
where a complete demagnetization is achieved Fig. 2(c).
Such a normalization brings the intensity of the third-order
scattering ring at q = 0.1 nm−1 to a convenient range be-
tween 0 (100% magnetic contrast, i.e., unpumped) and −1
(zero magnetic contrast, i.e., total demagnetization). The time
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FIG. 3. Dependence of scattering intensity on fluence and out-of-plane magnetic field. Temporal evolution of difference intensity vs
scattering vector �IN (q, �t ) for (a)–(c) different IR fluences and (d) a magnetic field of 350 mT (n = 1, top row). In (b) and (c) the q
position of maximum scattering intensity qmax = max {�IN (q)} vs delay time �t behavior (gray points) is fitted by a double exponential decay
(solid blue line). The middle and bottom row show �IN for q = 0.1 nm−1 and q ∈ (0.18 −0.8 nm−1), respectively.

dependence of such normalized difference signal is presented
in Fig. 2(b) showing blue colored regions of reduced low-q
scattering at q = 0.1 nm−1 and red colored regions of the
newly appeared high-q scattering at q > 0.2 nm−1. Within the
first ten pumped pulses in a train (n = 1−10) both high-q
and low-q magnetic scattering fade and eventually vanish
indicating that thermal heating prevents the sample to re-
cover to the initial state before the next pump pulse, cf.
Figs. 2(a) and 2(b). The temporal evolution of the �IN signal
at q = 0.1 nm−1 corresponding to the third-order scattering
from the magnetic maze-domain pattern [17] is shown in
Fig. 2(c). Starting at n = 1, the third-order scattering signal
significantly decreases upon IR-pumping on a subpicosecond
timescale to a minimum value of (�IN )min(q = 0.1 nm−1) =
−0.8 reflecting the process of ultrafast optical demagne-
tization (maximum reduction of saturation magnetization
M down to ( M

MS
)
min

= √
(�IN )min + 1 = 0.44. Subsequently,

during the maximum time delay of �t = +40 ps and till
the arrival of the second pump pulse in a train (n = 3) (i.e.,
3.6 µs after the first IR-pulse), remagnetization occurs to
about (�IN )remag(q = 0.1 nm−1) = −0.5 or ( M

MS
)
remag

= 0.7

in terms of magnetization. Hence, thermalization with the en-
vironment is not completed when the second pump pulse in a
train arrives. Consequently, for each subsequent IR pulse, the

minimum value of scattered intensity (magnetization) grad-
ually gets smaller and the corresponding remagnetization is
reduced. Eventually, the sample becomes completely demag-
netized, i.e., enters the paramagnetic phase, after the fifth
IR-pulse (n = 9).

In Fig. 2(d) the temporal evolution of the transient high-q
scattering signal is given by integrating �IN (q, �t, n) in
the q range of 0.18–0.8 nm−1. Starting at n = 1 the inte-
grated intensity shows an increase for �t = 0−40 ps. The
high-q signal completely vanishes after 1.8 µs before the next
IR-pump pulse. Eventually, for n � 7 no high-q scattering
intensity occurs on picosecond time scales within the experi-
mental statistics [see also Fig. 2(b) for q � 0.2 nm−1 ]. This
particularly implies that the high-q scattering is absent for
the paramagnetic phase that is reached for n = 9 as outlined
above [Fig. 2(c)].

The fluence dependence of the difference scattering in-
tensity �IN (q, �t, n = 1) is presented in Figs. 3(a)–3(c).
Remarkably, both the low-q signal (reflecting the strength
of demagnetization) and the transient high-q signal increase
with IR fluence. For the lowest fluence of f = 2.4 mJ/cm²,
the transient high-q scattering signal is below the experimen-
tal resolution. To check, if the magnetic domain pattern is
a necessary prerequisite for the high-q-scattering signal, we
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have performed the pump-probe experiment in the single-
domain state achieved by applying a perpendicular magnetic
field of 350 mT. Remarkably, in addition to vanishing of
the low-q scattering from the magnetic maze-domain pattern,
also the transient high-q signal becomes strongly suppressed
[Fig. 3(d)]. A quantitative measure for the effective length
scale related to the high-q scattering signal is the q-position
of the local maximum in the scattering intensity qmax =
max {�IN (q)}. The temporal evolution of qmax is plotted in
Figs. 3(b) and 3(c) with gray data points. A double exponen-
tial decay (blue line) with fluence-independent time constants
of 5.0 ± 0.5 ps and 58 ± 4 ps reproduces the qmax(�t ) be-
havior quite well.

To relate the high-q transient scattering to the appearance
of short-range magnetic fluctuations during the ultrafast de-
magnetization of the magnetic maze domains, we deployed an
atomistic spin model based on the two-temperature approach
describing the behavior of the magnetic maze domain pat-
tern upon ultrafast IR pumping [1]. Usually, the multidomain
state in multilayer magnetic systems [6,17,18] is explained
by the competition between the nearest-neighbor ferromag-
netic exchange interaction and the long-range anisotropic
dipole-dipole interaction [17,19]. Since the nearest-neighbor
interaction, favoring a collinear orientation of spins is much
stronger than the dipole-dipole interaction, the resulting do-
main structures exhibit a rather long periodicity. But the
long-range character of the dipole-dipole interaction compli-
cates theoretical modeling, since coupling between magnetic
moments located far apart cannot be neglected and a summa-
tion over the whole lattice is required.

The other microscopic mechanism that can reproduce
multidomain patterns of labyrinth type (spin spirals) in
metallic magnets [20,21] is based on the competing ferro-
magnetic exchange and Dzyaloshinskii-Moriya interactions
(DMI) [22,23]. In contrast to dipole-dipole interaction dis-
cussed above, DMI is short-range and favors an orthogonal
configuration of the neighboring spins. In the case of mul-
tilayer structures, the interfacial DMI can take place due to
the symmetry breaking at the interfaces between magnetic
and heavy metal layers [24]. Importantly, recent experiments
on symmetric Pt/Co/Pt multilayers reported in Ref. [25]
have demonstrated a stabilization of the room-temperature
skyrmions at finite magnetic fields, which is a clear signa-
ture of the interfacial DMI in this system. Based on these
experimental results we propose a magnetic model with
Dzyaloshinskii-Moriya interaction for simulating long-range
spin spiral structures in Co/Pt multilayers. We have used the
following Hamiltonian:

H = −
∑
i �= j

Ji jSiS j −
∑
i �= j

Di j[Si × S j] − K
∑

i

(
Sz

i

)2
, (1)

where Si is the classical unit vector describing the direc-
tion of the corresponding spin, Ji j and Di j are the isotropic
exchange interaction and Dzyaloshinskii-Moriya vector, re-
spectively. The last term in Eq. (1) corresponds to the
single-ion anisotropy providing perpendicular alignment of
magnetization within the domains. In our case this Hamil-
tonian is defined on a triangular lattice, mimicking the
structure of single Co layer in Co/Pt [26]. The corresponding

supercell of 500 × 500 is characterized by the periodic bound-
ary conditions. For simplicity we drop the site indices, taking
only nearest-neighbor couplings into account. The ratio of
|D|
J controls the period of the spin spiral, which is defined

as λ = 2πJa
|D| , where a is the nearest neighbor distance. Since

the parameters of Eq. (1) corresponding to the Co/Pt mul-
tilayers are unknown, we fit them to reproduce the known
experimental data. As was pointed out in Ref. [27], the Curie
temperature of the material in question is below 500 K. On the
other hand, one observes magnetic patterns of labyrinth type
at room temperature. Taking into account these constrains
we use J = 1.5 mRy. The chosen value of Dzyaloshinskii-
Moriya interaction, |D| = 0.15 mRy is enough to stabilize
the spin spiral structures characterized by the pulse-driven
scattering patterns in agreement with the experiment. The
direction of Dzyaloshinskii-Moriya interaction vector for each
pair of spins was set to be in-plane and lie perpendicular to the
corresponding bond vector. The value of anisotropy constant,
K = 0.017 mRy was taken from Ref. [13] obtained for similar
multilayers as in our experiment.

Atomistic spin dynamics of the magnetic system was simu-
lated by solving the Landau-Lifshitz-Gilbert (LLG) equation,
as implemented in the Uppsala Atomistic Spin Dynamics
(UppASD) package [28,29]:

dSi

dt
= −γ

1 + α2
Si ×

[−∂H

∂Si
+ bi(t )

]
− γ

|Si|
α

1 + α2
Si

×
(

Si ×
[−∂H

∂Si
+ bi(t )

])
, (2)

where γ is the gyromagnetic ratio, α is the Gilbert damping
parameter and bi(t ) is the stochastic magnetic field. Gilbert
damping controls the energy dissipation from the spin system
and in our simulations, we set its value to α = 0.1, which
agrees with the previous estimates for similar systems [30].
The effect of the laser pulse on the magnetic structure was
modeled with a two-temperature model in which the spin
temperature Ts directly passes into LLG equation via the
stochastic magnetic field bi and is obtained from solving the
two-temperature model [31]. The analytical expression for Ts

is given by [32,33]:

Ts = T0 + (TP − T0) · (
1 − e

−t
τi

) · e
−t
τ f + (TF − T0)

· (
1 − e

−t
τ f

)
, (3)

where T0 is the initial temperature of the system, TP is the peak
temperature after the laser pulse is applied and TF is the final
temperature. The parameters τi and τ f govern the time de-
pendence of the spin temperature. In our simulations we have
used TP = 750 K, T0 = 300 K, TF = 500 K, τi = 0.22 ps,
τ f = 5 ps. The final temperature was chosen higher than the
initial one to reflect the experimentally observed behavior of
the system that was not able to fully cool down between the
laser pulses. Using these parameters, one obtains the time
evolution of the spin temperature shown in Fig. 4(f). Note that
by employing such a simplified model, we neglect many phys-
ical mechanisms taking place after laser irradiation. Since the
electron degrees of freedom are not considered, we cannot ac-
count, for instance, for optically induced spin transfer [34,35],

174444-5



SERGEY M. SUTURIN et al. PHYSICAL REVIEW B 108, 174444 (2023)

FIG. 4. Temporal evolution of the magnetic pattern and the corresponding scattering intensity upon laser excitation described by the
two-temperature model. Evolution of the magnetic pattern (a), scattering intensity (b) and difference scattering intensity (c) within 30 ps after
the laser pulse. Temporal evolution of the difference intensity vs scattering vector �IN (q, �t ) (d). Intensity variation within the scattering
ring corresponding to the initial domain structure (e). Time dependence of the spin temperature as obtained from LLG simulations within the
two-temperature model (f).

which is usually active at times below 100 fs or superdiffusive
spin transport [7,8], which induces additional torque acting on
spins [36,37]. All these effects were neglected in the present
analysis.

Simulations of the spin dynamics triggered by the laser
pulse have revealed a partial destruction and reconstruction
of the spin spiral structures in the system [Fig. 4(a)]. The
closer view on the magnetization demonstrates the formation
of small distorted spin spiral structures starting from 12 ps.
As the temperature goes down, the small spirals coalesce to
form new labyrinth structures in the system. To describe the
magnetic scattering data, we have calculated the spin structure
factor given by

χ (q, t ) = 1

Nspins

∣∣∣∣∣
∑

i

Sz
i (t )e−iqri

∣∣∣∣∣
2

, (4)

where Nspins is the number of spins, ri is the position of the ith
atom. The scattering patterns obtained at different delay times

are presented in Fig. 4(b). The patterns are almost azimuthally
isotropic which is natural for a system with no anisotropy
axis (e.g., crystallographic axis or magnetic field direction).
Thus, when arbitrary oriented spin spirals are averaged across
a sufficiently large area as it takes place in the mSAXS ex-
periment, the resulting scattering pattern becomes isotropic.
The slight pattern anisotropy present in Fig. 4(b) is explained
by the relatively small grid used in the calculation. The dif-
ference scattering intensity �I (q, t ) = χ (q, t ) − χ (q, 0) was
as well calculated to highlight the transient changes of the
scattering patterns [Fig. 4(c)]. At the time of the temperature
peak, the high-q ring is mostly blurred under the influence of
ultra-short-range thermal fluctuations, which seem to almost
destroy the clear spiral structure in real space. This destruc-
tion is clearly seen as a negative (blue) ring at the low-q
area of the scattering pattern. As the spin temperature goes
down, the high-q (red) ring relaxes, gradually closing onto the
low-q ring corresponding to the enlargement of the magnetic
fluctuation. At the same time, the blue ring gets less intensive
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FIG. 5. Correlation between transient high-q scattering and demagnetization. Relative magnetization �M
MS

(q = 0.1nm−1, n) (a) and the

integrated high-q signal
�M̃high−q

MS
(n) =

√
∫0.8 nm−1

0.15 nm−1 �IN (q)dq (b) as a function of delay time, for a fluence of f = 4, 4.8, 5.6 mJ/cm² and the

first pumped pulse in a train. The strength of demagnetization per pump pulse
�Mdemag

MS
(n) = �M

MS
(q = 0.1nm−1, �t = 20 ps, n, f ) − �M

MS
(q =

0.1nm−1, �t < 0 ps, n) is labeled in panel (a). (c) Transient magnetic signal
�M̃high−q,max

MS
as a function of strength of demagnetization

�Mdemag

MS
for different pulses in a train (n � 9) and fluences of f = 4, 4.8, and 5.6 mJ/cm². The solid line is a linear fit to the data.

corresponding to gradual recovery of initial maze-domain or-
der [Fig. 4(e)]. The time evolution of the corresponding radial
�I (q) profiles is presented in Fig. 4(d) showing a qualitative
agreement with experiment (compare to Fig. 3). Despite the
simplicity of the considered spin Hamiltonian (which contains
just isotropic and anisotropic exchange interactions between
the nearest neighbors), the resulting spin dynamics of such
a model subjected to the external pulse is rather nontrivial.
In other words, the influence of the model parameters (such
as magnetic coupling, damping factor, pulse structure and
temperature) on the evolution of the high-q scattering rings
is nonlinear and cannot be driven by a single parameter.
This prevents us from one-to-one straightforward fitting of
the theory to experiment. Nevertheless, our theoretical model
reproduces all the main features and trends of the experi-
ment and provides a microscopic explanation of the transient
change of scattering patterns on the level of individual mag-
netic moments. Based on the results of these simulations, we
can conclude that the reason behind the high-q scattering is
that the laser pulse induces a thermal blurring of the initial
spin-spiral magnetic structure that relaxes to a new spin-spiral
state as the spin temperature decreases. To confirm the leading
role of DMI in explaining the observed magnetic scattering
behavior, one should examine the difference between scatter-
ing of left and right circular polarized light as described in
Refs. [38,39]. We believe that this would be an interesting
topic of future investigations.

IV. DISCUSSION

The obtained results unambiguously show that the pres-
ence of a magnetic domain pattern strongly enhances
the high-q scattering signal. Since magnetic scattering is

proportional to M2
S (as shown in Ref. [40]), in the fol-

lowing comprehensive analysis we deal with magnetization,
namely Mdemag

MS
(�t, n, f ) =

√
�IN (q = 0.1 nm−1, �t, n) + 1

and M̃high−q

MS
(�t, n) = √

�IN,high q(�t, n) + 1, in order to check
for a correlation between strength of demagnetization and
strength of high-q scattering signal. The strength of de-
magnetization triggered by the pump pulse is represented
by the corresponding drop of Mdemag

MS
(�t, n, f ) over time de-

lay, see Fig. 5(a). As a measure for the strength of the
transient magnetization related to the high q-signal, we de-

termined �M̃high−q

MS
(n) =

√∫ 0.8 nm−1

0.15 nm−1 �IN (q)dq, see Fig. 5(b).

The Mdemag

MS
vs M̃high−q

MS
dependence is shown in Fig. 5(c) for

different pump pulses in a train (n � 9) and fluences of f =
4, 4.8, and 5.6 mJ/cm², where the transient signal is strong
enough to be clearly detected. Obviously, a linear relation

between M̃high−q

MS
(n) and Mdemag

MS
(n) exists with a proportional-

ity factor of 1.5 ± 0.3. Hence, the stronger the quenching
rate of the magnetization within the domains, the stronger
is the transient high-q magnetic signal corresponding to col-
lective excitations. Since the scattering intensity at a wave
vector q increases with the number of scatterers N according

to I ∝ √
M ∝ N2 ∝ q−4 [41], M̃high−q

MS
>

Mdemag

MS
does not im-

ply an increase of the global saturation magnetization. More
importantly, the absolute decrease in the scattering inten-
sity of the first order scattering peak is orders of magnitude

stronger than the increase of M̃high−q

MS
(n) revealing that the

nanoscale fluctuations are only minor perturbations compared
to the overall demagnetization. Since the first-order scattering
peak of the magnetic domains is not detected, a quantitative
estimation of the absolute fluctuation strength is not possible
at this point.
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V. CONCLUSION

In conclusion, we report observation of short-range, tran-
sient magnetic fluctuations occurring at the 10-nm length
scale upon ultrafast demagnetization in a maze-domain
ferromagnetic Co/Pt multilayer system with perpendicular
magnetic anisotropy. These fluctuations have been discov-
ered by means of mSAXS in the wave vector region of
0.2–0.8 nm−1 at picosecond time scale. The transient signal
appears in the ferromagnetic state only vanishing once the
system is triggered beyond the ferromagnetic-paramagnetic
phase transition and is strongly suppressed when the system
is magnetized to saturation. Based on the detailed investi-
gation of the transient signal as a function of IR-fluence
and applied magnetic field, we reveal that the observed be-
havior has a purely magnetic nature and is related to the
short-range fluctuations of the magnetic domain pattern upon
optical excitation. A direct correlation between demagneti-
zation strength and the intensity of a variable radius high-q
transient scattering accompanying the nucleation of the short
nanometer range magnetic fluctuations is found. This corre-
lation allows to draw a conclusion that the demagnetization
occurs not solely through domain wall broadening, as was
earlier suggested by Pfau et al. [6], but in a more compli-
cated way: through appearance of nanometer-range magnetic
fluctuations. The low-q scattering from the domain structure
coexists with the high-q scattering from the magnetic fluctu-
ations for tens of picoseconds after the pumping event. Most
reasonably the short-range fluctuations nucleate at the domain
boundaries where the inhomogeneity of the magnetization
distribution exists initially. Once the temperature of the spin
system goes down after the IR pulse, a coalescence of the
optically induced magnetic fluctuations takes place while cor-
responding magnetic scattering shifts gradually to the lower q
values. The presented two-temperature atomistic spin model
describes qualitatively the behavior of an optically pumped
spin system at the 100 ps time scale. A temporal behavior of
the correlations appearing in the magnetization ensemble is
predicted by the model and compared to the experimentally
observed time-resolved magnetic small-angle scattering pat-
terns. Based on the simulation results, we interpret the high-q
scattering as the result of the laser-driven heating inducing
thermal fluctuations of the domain magnetic structure. The

value of the presented study is related to the unraveling of
the ultrafast magnetic response upon optical pumping. The
obtained knowledge is indispensable for the development of
potential ultrafast spintronic applications and from the point
of the fundamental physics involved. The results contribute to
the creation of an effective tool for controlling laser-excited
spins in microscopically engineered magnetic materials. The
study of dynamics of nanoscale inhomogeneities is of general
importance for many fundamental phenomena, such as crystal
growth, the role of fluctuations in high-T superconductors,
and the emergence of quantum electronic phases hidden in
thermal equilibrium.

All data are available in the main text or the Supplemental
Material. Additional data related to this paper may be re-
quested from the authors (S.M.S).
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