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Terahertz-driven coherent magnetization dynamics in labyrinth-type domain networks
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The controlled manipulation of spins on ultrashort timescales is among the most promising solutions for novel
high-speed and low-power-consumption spintronic and magnetic recording applications. To do so, terahertz
(THz) light pulses can be used to drive coherent magnetization dynamics in ferromagnetic thin films. We were
able to resolve these dynamics on the nanoscale employing THz-pump x-ray resonant magnetic scattering
from the labyrinth-type domain network of a Co/Pt multilayer with perpendicular magnetic anisotropy. Our
results reveal THz-driven ultrafast demagnetization as well as coherent local magnetization oscillations at the
THz fundamental frequency of 2.5 THz. We observe a temporal lag between femtosecond demagnetization
and the start of the coherent magnetization oscillations that can be understood by a time-dependent damping.
The dynamics of the domain and domain-wall contributions are found to be highly correlated, suggesting the
applicability of THz spin control in magnetic nanostructures.
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I. INTRODUCTION

Understanding spin dynamics driven by ultrashort light
pulses is of key importance for developing faster and more
energy efficient spintronic and magnetic recording technolo-
gies. A promising path to the controlled manipulation of
spins on ultrafast timescales is the use of light pulses with
frequencies in the terahertz (THz) regime (vry, =~ 0.1-10 X
10'2 Hz) [1-3]. Theory predicts that, in contrast to incoher-
ent ultrafast demagnetization induced by femtosecond optical
laser pulses with frequencies in the infrared (IR) regime
(vir & 10'* Hz) [4], the THz electric field Ety, can induce co-
herent ultrafast demagnetization at low energy transfer to the
sample [5]. Moreover, the THz magnetic field Hry, is capable
of driving coherent magnetization dynamics [6—8] and, at high
intensities, even an ultrafast reversal of the magnetization di-
rection [9-12]. Due to a photon energy on the order of 1 meV,
the THz-induced heating is small compared to IR laser excita-
tion, promising better control over the ultrafast spin dynamics
in THz spintronics and THz magnetic recording. Today’s
materials used for magnetic recording are polycrystalline fer-
romagnetic thin films with perpendicular magnetic anisotropy
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(PMA) and few-nanometer-sized magnetic grains. Experi-
ments on THz-driven spin dynamics, however, have mainly
addressed homogeneously magnetized thin films with negli-
gible magnetic anisotropy [7,13—18], whereas the physics in
magnetic nanostructures with PMA is largely unknown.

In this article, we report on THz-driven magnetization
dynamics in nonhomogeneously magnetized thin films, i.e.,
the labyrinth-type domain network m.(r) of a Co/Pt mul-
tilayer with PMA. We conducted THz-pump x-ray resonant
magnetic scattering (XRMS) to resolve these dynamics with
femtosecond time and nanometer spatial resolution [19-23].
The response of m.(r) shows significant differences depend-
ing on the THz pump fluence used. For low-fluence excitation
with a filtered THz spectrum (v < 6.0 THz), m, undergoes
an ultrafast quenching and recovery within 1 ps. For high-
fluence excitation with an unfiltered THz spectrum, a steplike
quenching within 2 ps is observed, followed by oscillations in
resonance with the THz fundamental frequency vy = 2.5 THz.
The data are consistent with incoherent and coherent ultrafast
magnetization dynamics driven by the Ery,- and Hryy,-field
components. To understand both the low- and high-fluence
behaviors, we introduce a time-dependent damping that is
determined by the interplay of lattice heating and PMA re-
duction. The coherent m, dynamics are found to be associated
with correlated dynamics of the domain state’s form factor,
which is interpreted as successive broadening and narrowing
of the domain walls.

©2024 American Physical Society


https://orcid.org/0000-0001-9889-4003
https://orcid.org/0000-0002-7331-3804
https://orcid.org/0000-0002-2739-077X
https://orcid.org/0000-0002-7589-0808
https://orcid.org/0000-0002-3399-5628
https://orcid.org/0000-0003-3405-9601
https://orcid.org/0009-0005-9472-1486
https://orcid.org/0000-0003-1514-5264
https://orcid.org/0000-0002-5256-1710
https://orcid.org/0000-0002-7163-7602
https://orcid.org/0000-0002-4821-1419
https://orcid.org/0000-0002-5532-4884
https://orcid.org/0000-0003-1153-115X
https://orcid.org/0000-0001-8501-1996
https://ror.org/02za18p66
https://ror.org/01js2sh04
https://ror.org/04v76ef78
https://ror.org/023b0x485
https://ror.org/03t2f0a12
https://ror.org/04fme8709
https://ror.org/01js2sh04
https://ror.org/0149pv473
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.094405&domain=pdf&date_stamp=2024-09-03
https://doi.org/10.1103/PhysRevB.110.094405

M. RIEPP et al.

PHYSICAL REVIEW B 110, 094405 (2024)

10°
e 10-1N.,/V/
~ 1072

08kl
0 2 4 6 8 10 12 14 16 18

Frequency v (THz)

THz beamline
with delay stage
/ N pum
\ / Back reflection
focusing mirror

m

XUV undulator

v

Hz focusing parabola

FIG. 1. Schematics of the THz-pump—XRMS probe experiment at the BL3 instrument of FLASH. Relativistic electron bunches consec-
utively traverse the XUV and THz undulator, producing intrinsically synchronized THz-pump and FEL-probe pulses. The two pulses are
delayed in time via a delay stage and focused quasicollinearly onto the sample via a parabolic mirror and a back-reflection multilayer mirror,
respectively. The ultrafast magnetization dynamics were measured by time-resolved XRMS in transmission using a CCD that records the
scattered XUV light /(q) from the labyrinth-type domain network m,(r) at pump-probe delay times —2 < ¢ < 4 ps. The insert shows the
(unfiltered) THz-pump spectrum with the fundamental frequency vy = 2.5 THz.

II. RESULTS AND DISCUSSION

A. Experimental details

To investigate coherent magnetization dynamics on
nanometer length scales, we employed a THz-pump—XRMS-
probe experiment at the BL3 instrument of the free-electron
laser (FEL) FLASH (Fig. 1). The BL3 instrument comprises
a planar electromagnetic THz undulator with nine full periods
that was tuned to generate linearly polarized pump pulses
with a fundamental frequency vy = 2.5 THz (pulse duration of
3.6 ps). The spectrum of the multicycle THz pulses generated
at BL3 is broadband, containing frequency components up
to the IR regime (see the THz spectrum in Fig. 1). We call
this the unfiltered THz radiation. A pump-pulse intensity of
23 wJ measured by a radiometer [24] and a beam size of 200 x
160 um? measured by a fluorescent screen at the sample posi-
tion yield pump fluence Fry, = 92 mJ cm~2. This corresponds
to electric- and magnetic-field amplitudes Fry, = 4 MV cm™!
and poHth, = 1.4 T, respectively. Alternatively, a long-pass
filter blocking frequency components v 2> 6.0 THz was in-
serted in the THz beamline. For this filtered THz radiation,
the pump fluence is reduced by at least a factor of 4 [25]. It is
worth mentioning that the existence of coherent magnetization
dynamics at THz frequencies was explained by the inertia
of the magnetization causing a nutation, i.e., a trembling
of the magnetization vector around the effective magnetic
field [26-29]. For linearly polarized THz pulses incident nor-
mal on a thin film with PMA (k || m), the Zeeman torque
driving such nutation dynamics T = m x Hryy, is maximized
(for both vertical and horizontal polarization orientations).

The THz pulses were used to excite the labyrinth-type
domain network m_(r) of a Co/Pt multilayer with PMA. An
example of m_(r) is shown in Fig. 2(a). Here, m, = M, /M
is the local magnetization z component normalized to its
value at saturation (room temperature). The response of m,(r)
to THz pumping was measured by means of XRMS using
ultrashort FEL pulses from FLASH at variable pump-probe
delay time ¢. Details on the FEL-probe-pulse properties and
the measurement procedure are given in Appendix A. The

normalized scattering image I(q,t = —1 ps) obtained from
the labyrinth-type domain network used in this experiment is
shown in Fig. 2(b). In the kinematic limit using linearly polar-
ized x rays, the scattered intensity is given by pure charge-
and pure magnetic-scattering contributions, 1(q) = I.(q) +
I,(q) [30]. For polycrystalline thin films and the region of
q space investigated here, I.(q) is orders of magnitude smaller
than I, (q) [31]. Hence, I.(q) =~ 0. I,(q) were corrected by
dark images and normalized to the average FEL-pulse in-
tensity measured by a beam stop photodiode [32]. We mask
parasitic scattering like the high-intensity streaks in the center
of the image and take the azimuthal average of I,(q) to
reduce the two-dimensional (2D) to a one-dimensional (1D)
intensity distribution [see Fig. 2(c)]. By that, we treat the 2D
domain network as a 1D chain of up- and down-magnetized
domains with average domain characteristics. For analysis of
the resulting magnetic-scattering intensity Ir,(q), we employ
a Lorentzian empirical fitting function [31],

2
_ m
In(q) = ¢ 2% | mg + ————— @)
—— —q1
F(q)? (%) +1
S(g)?

The first term outside of the square brackets is the form factor
F(g)?, which is associated with the magnetic unit cell in real
space. It is determined by the domain-wall (DW) parameter
qw and accounts for the asymmetric shape of I,(q). The
term in the square brackets is the magnetic structure factor
S(g)?* corresponding to the spatial arrangement of magnetic
domains, i.e., the basic magnetic lattice, in real space. It
consists of a linear superposition of random uniform spatial
fluctuations myg and the first-order Lorentzian diffraction peak
with amplitude m;, position g, and linewidth w;. Let us
emphasize that Eq. (1) is purely phenomenological. The same
functionality, however, has been shown to fit scattering data
from time-resolved XRMS up to the fifth diffraction order
with excellent accuracy by substituting S(g)*> with a sum of
Lorentzian functions [31]. A fit of Eq. (1) to I,(g,t = —1ps)
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FIG. 2. Form- and structure-factor contributions in time-resolved
XRMS. (a) Fourier-transform holography image of the typical
labyrinth-type domain network m,(r) in Co/Pt multilayers show-
ing up- and down-magnetized domains as dark and bright contrast.
Arrows indicate the propagation directions of the electric- and
magnetic-field components Ery,(t) = (0, Ey(7), 0) and Hry, (1) =
(H,(t), 0, 0). (b) The normalized magnetic scattering image
I.(q,t = —1ps) obtained from m,(r) of the Co/Pt multilayer used
in this experiment. (c) Corresponding azimuthal average of the mag-
netic scattering intensity ,(g,t = —1ps). Included are a fit to the
data using Eq. (1) and its individual contributions, i.e., the form
factor F(g)* and the structure factor S(g)*. In(g) and S(g)* are
normalized to the maximum of 1,,(g) for clarity. (d) One-dimensional
illustration of the individual contributions to I,(¢g) in real space:
domain walls correspond to the magnetic unit cell; up- and down-
magnetized domains correspond to the magnetic lattice.

is shown in Fig. 2(c) together with the individual contributions
F(g)?> and S(g)>. An illustration of the individual contribu-
tions in real space is given in Fig. 2(d). The exponential
form factor contribution g,, = 0.1446 4 0.0118 nm™! can be
interpreted as the DW width &, = 2wq,' =43.4 £3.5nm.
Labyrinth-type domain networks of Co/Pt multilayers with
PMA exhibit Bloch-type DW character with a width defined
by 8g = m+/Aex(IK1 + K>|)~! [33]. Using the measured K| =
19.6kJm~ and K, = —159.1kJm~—> (see Appendix B),
as well as exchange stiffness Aex = 23.3pJm~! in Co/Pt

multilayers with PMA and an individual Co-layer thickness of
0.8 nm [34], we obtain §g = 40.6 nm, in good agreement with
dm determined by XRMS. Furthermore, the magnetic structure
of the domain network is characterized by ¢;(t = —1ps) =
0.0466 £ 0.0004 nm~!, corresponding to an average domain
period &, = 27 /q; = 135.3+ 1.2nm, and w;(r = —1ps) =
0.0199 £ 0.0011 nm~"', corresponding to an average lateral
correlation length A, = 27w /w; = 316.1 £ 17.5nm.

B. Ultrafast magnetization dynamics driven
by low-and high-fluence THz pulses

In the following, we discuss the response of the magnetiza-
tion z component, given by the amplitude m; of the magnetic
structure factor S(g)?, upon excitation with the filtered and
unfiltered THz pulses. Relative changes Am; — 1 are pre-
sented in Figs. 3(a) and 3(b), together with the Hryy,-field
traces measured by electro-optical sampling (EOS) before the
respective measurements.

The response of m; to the filtered THz pulses is an ultrafast
demagnetization of about 16% within 7y ~ 400 fs followed by
an equally fast and full recovery [Fig. 3(a)]. The maximum
degree of 16% agrees well with the observations in a 15 nm Co
thin film and can be explained by Ery,-field-driven ultrafast
demagnetization [7]. According to time-dependent density
functional theory (TD-DFT), strong Ery, fields are capable
of driving a coherent displacement of electrons accompanied
by a very efficient spin-orbit-coupling-mediated demagneti-
zation [5]. For the case of monochromatic THz radiation with
vo = 2.5 THz, one could therefore expect a steplike reduction
of m, for each half cycle of the Ety, field, i.e., g = 0.5/vy =
200 fs per demagnetization step. We speculate that the slower
dynamics observed in this experiment are due to the poly-
chromaticity of the THz radiation (0 < v < 6.0 THz) causing
a more incoherent demagnetization driven by the different
Ery,-field components. In combination with the low fluence
of the filtered THz pulses, this could explain why no further
demagnetization steps within the 3.6 ps pulse duration but
an ultrafast recovery is observed. Calculating the absorption
for the highest-frequency component v = 6.0 THz via the
transfer matrix method, we obtain an absorbed fluence of
only about 0.7 mJ cm~2. For low-fluence excitation, incoher-
ent ultrafast demagnetization is known to be followed by an
ultrafast magnetization recovery due to efficient energy equi-
libration among electron, spin, and phonon subsystems. We
will show in the next section that Am; () — 1 can be explained
by the convolution of incoherent ultrafast demagnetization at
low fluences and strongly damped coherent oscillations in the
presence of PMA.

The situation completely changes when exciting the Co/Pt
multilayer with the unfiltered THz pulses [Fig. 3(b)]. Now, m,
undergoes a steplike demagnetization, reaching a maximum
degree of 75% after 2 ps. The increase in the maximum degree
of demagnetization can be understood by the additional fre-
quency components v > 6.0 THz and the associated increase
in the pump fluence. Employing the transfer matrix method
as before, we obtain a 10 times higher absorbed fluence for
v = 20.0 THz, which is the highest frequency component
with  Liorm (V) > 0.017,0;m (vg). The steplike demagnetiza-
tion qualitatively agrees with the Epy,-field-driven coherent
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FIG. 3. Ultrafast magnetization dynamics driven by low- and
high-fluence THz pulses. (a) Hry,-field trace of the filtered THz
pulses determined by EOS (top) and the corresponding response of
the magnetization z component Am;(¢t) — 1 (bottom). The incident
fluence of the filtered THz pulses is Fry, < 23 mJ cm~2. (b) The
same as (a), but for the unfiltered THz pulses (incident fluence
Fr, ~ 92mJ cm™2). The so-called edge radiation Hry,(t ~ —1 ps)
in (a) and (b) originates from the electron bunches crossing the edge
of the THz undulator. Gray-shaded areas are fit errors. Vertical dotted
lines are guides to the eye.

demagnetization predicted by TD-DFT [5]. Demagnetization
steps with a duration of about 0.8 ps = 2/vy, however, are
much longer than predicted, presumably due to the presence
of incoherent demagnetization, as mentioned above. At high
fluences, incoherent ultrafast demagnetization is known to
be followed by significantly slower recovery dynamics on
the picosecond timescale. In addition to these slower recov-
ery dynamics, we observe oscillations of the magnetization
z component with an amplitude of about £20% in resonance
with the THz fundamental frequency vy = 2.5 THz. This is
consistent with coherent magnetization oscillations in the
sense of nutation dynamics, a consequence of the Hry, field

exerting a Zeeman torque on the magnetization [7,17]. The
temporal lag of about 2 ps, however, is rather surprising, as
typically, an instantaneous coherent response (¢ = 0) is ob-
served in THz-pump—probe experiments. In comparison with
previous studies, we have to consider that the Co/Pt multi-
layer used in this experiment exhibits PMA, i.e., an energetic
minimum for aligning the magnetization along the z axis. We
will show in the following section that Am;(t) — 1 can be
explained by a convolution of incoherent ultrafast demagne-
tization at high fluences and coherent m, oscillations with a
temporal lag that is determined by the heat-induced reduction
of PMA.

C. Model for fluence-dependent ultrafast
magnetization dynamics

In order to understand the response of m; to both the
filtered and unfiltered THz excitation, we model Am;(t) — 1
via the convolution of incoherent ultrafast demagnetization
Am;(t) — 1 and coherent magnetization oscillations Am(t)
following, e.g., [14,17,25]:

Amy(t) =1 = [(Ami(t) — D)O@)] * Amc(r).  (2)

Here, ®(t) is the Heaviside function accounting for the
demagnetization onset att = 0. We treat the incoherent contri-
bution Am;(t) as pure thermal demagnetization induced by an
IR pulse with A; = 800 nm. Obviously, this is an oversimplifi-
cation as both the filtered and unfiltered THz pulses contain
a broad frequency spectrum. In our approach we cast all
Ery,-field-induced contributions, whether they are coherent
or incoherent electronic excitations, in one Am;(t) — 1 that
is comparable to what is known from IR-induced ultrafast
demagnetization. The incoherent contribution is simulated
within the UDKM1DSIM toolbox [35] that contains the micro-
scopic three-temperature model (M3TM) with heat diffusion
along the sample z direction (see Appendix C). We sim-
ulated Am;(t) for a number of fluences and selected the
ones that match the experimentally observed maximum de-
grees of demagnetization. This is the case for fluence F; =
4mJem~2 (filtered) and F, = 18 mJcm™2 (unfiltered). Re-
sults from simulating Am;(¢) for different fluences via the
M3TM are presented in Fig. 4(a). The corresponding electron-
and phonon-temperature transients are given in Appendix C.

The coherent contribution Amc(t) is empirically modeled
via the product of the Hyy,-field trace and a time-dependent
damping

D) = e_(l_%)” (3)

where V = 10 x 10 x 10nm? is the volume of a single mag-
netic grain (macrospin approximation). Even though it is
empirically derived, we note that our model for D(¢) is in-
spired by the thermal stability of the magnetization direction
in nanoscale magnetic particles obeying Boltzmann statistics.
The phonon-temperature transients 7,(¢) are known from the
M3TM simulations, and the anisotropy transients are calcu-
lated according to [36]

Ki(Ty(1)) = K1 om(T,(1))"°. )

We use m(t) = [1 — st3/? — (1 — 5)t7/?]'/3, with the reduced
temperature 7(t) = T,(t)/Tc, and s = 0.11 for fcc Co [37].
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FIG. 4. Model for fluence-dependent ultrafast magnetization dynamics. (a) Incoherent contribution Am;(t) — 1 determined from M3TM
simulations using F; = 4-24 mJ cm~2. Magnetization transients that were found to match the experimental data are shown in blue (filtered) and
red (unfiltered). (b) Time-dependent damping D, () as given by Eq. (3). Details are given in the text. (¢c) Coherent magnetization oscillations
Ame(t) = Hyy, (t)Dyorm (2)- (d) Final model for the transient magnetization z component Am; () — 1 given by a convolution of the incoherent

[in (a)] and coherent [in (c)] contributions.

Furthermore, we use Kj o = 20kJ m~? at room temperature
and a Curie temperature 7c = 840K (see measurements in
Appendix B). The calculated K;(7,(¢)) are given in Ap-
pendix C.

In the limit of low fluences, kg7;,(t) < K;(#)V at all times;
i.e., the pump-induced heating of the lattice is too weak to
induce a substantial reduction of PMA. In this case, D(t) =
Dyorm () becomes an exponential decay [Fig. 4(b)], and the
coherent oscillations Am,(t) are strongly damped [Fig. 4(c)].
In the limit of high fluences, D(¢) diverges, which corresponds
to the unphysical case of strongly amplified oscillations. We
therefore restrict our model to values of Do, < 1. In the case
of D(t) > 1, we normalize Eq. (3) to its value of minimum
magnetic anisotropy [t < #(K| min)] and set Dporm (t) = 1 for
t > t(Kj min)- In other words, Dy dynamically changes as
K, decreases and reaches the regime of the undamped co-
herent oscillations (Dporm = 1) when K} = K| min [Fig. 4(b)].
In the case of high fluences, Dpom (¢) is small for ¢ =~ 0, and
the coherent oscillations Am(t) develop in amplitude until
t ~ 2ps [Fig. 4(c)].

The convolution of Am;(t) and Am(t) is presented for
the filtered and unfiltered THz excitations in Fig. 4(d). The
model accurately reproduces the different features of both
magnetization transients for the entire measured time range.
For the unfiltered THz pulses, deviations that exceed the ex-
perimental noise at t & 2 ps could originate from the strong
electromagnetic field and the associated nonlinearities in the

magnetization response [15]. Note that for the case of a
sample with negligible K, the criterion D(¢) > 1 holds from
the start (+ = 0), and our model predicts the instantaneous
(undamped) coherent response to the Hry, field observed,
e.g., in [7,17]. Furthermore, our model is in qualitative
agreement with the increasing temporal lag of the coher-
ent response with increasing magnetic anisotropy from fcc
to bcc to hep Co [38] as well as with a time-dependent
damping factor predicted by theory [39]. It was even sug-
gested in [38] that the coherent magnetization dynamics,
including both coherent precession at gigahertz frequencies
and nutation at THz frequencies, could be fully described
by one time-dependent damping factor that is qualitatively
linked to a stronger electron-phonon scattering at subpicosec-
ond timescales and weaker spin-lattice relaxation at longer
timescales.

D. THz-driven domain and domain-wall dynamics

Finally, we discuss the effect of THz pumping on the lateral
domain configuration. For that we analyze the time evolution
of the position ¢ and width w; of the magnetic structure fac-
tor S(g)?, as well as the time evolution of the DW parameter
gw of the magnetic form factor F(g)? [Figs. 5(a)-5(c)].

When pumping with the filtered THz pulses, constant
fit parameters ¢;, w;, and g, are obtained, which is con-
sistent with the fluence threshold for ultrafast domain and
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FIG. 5. Ultrafast domain and domain-wall dynamics. (a) and (b) Transient position ¢, (t) and width w (¢) of the domain network’s structure
factor S(gq, t)?. (c) Transient DW parameter g, (¢) of the domain network’s form factor F (g, t)*. Results from using the filtered and unfiltered
THz pulses are shown in blue and red, respectively. Gray-shaded areas are fit errors. (d) One-dimensional illustration of the equilibrium (t < 0)

and maximum excited domain network in real space.

DW dynamics in IR-induced ultrafast demagnetization [40].
The parameters q;, w;, and ¢, even remain constant for
t < 2ps when pumping with high-fluence THz pulses (un-
filtered), demonstrating that the domain network’s structure
and form maintain their equilibrium size distributions on
ultrafast timescales. This is qualitatively different from the
ultrafast g; shift by 3%—6% to smaller values when using
high-fluence IR-pump pulses [40]. Although this shift was
originally explained by a broadening of the DWs due to lateral
superdiffusive spin transport, more recent experiments sug-
gest ultrafast domain reconfigurations as an explanation, with
a larger effect in low-symmetry systems like labyrinth-type
domain networks [31,41]. However, no such femtosecond
domain reconfigurations can be observed here, even for high-
fluence THz excitation. The absence of such ultrafast domain
dynamics and, rather, the existence of a lag time that is deter-
mined by the time needed to compensate PMA were reported
for stripe-domain networks before [42,43]. For compensated
PMA and in the presence of small in-plane magnetic fields,
the stripes were found to undergo a reorientation along this
field direction during magnetization recovery. Upon com-
pensation of PMA (f ~ 2ps), here, the DW parameter g
undergoes oscillatory dynamics that are highly correlated
with the m; dynamics in Fig. 3(b). Assuming that g, is
inversely related to the Bloch-wall width, this could be in-
terpreted as a successive broadening and narrowing of DWs
between 43 and 89nm at maximum. A slight increase in
g1 within the error of the fit in combination with a sharp
drop in w; to almost half its equilibrium value points to
an increased long-range order during these coherent oscil-
lations from O = ¢q;/w; ~ 2.3 to O ~ 3.0 at maximum. A
situation where the DW width increases while the average
domain period remains largely the same is illustrated in

Fig. 5(d). The high degree of correlation between the m; and
qw dynamics at t > 2ps directly shows the high degree of
correlation between the dynamics of local out-of-plane (z) and
in-plane (x, y) magnetization components during the coherent
oscillations.

III. CONCLUSIONS

The labyrinth-type m;,(r) of a Co/Pt multilayer with PMA
undergoes fluence-dependent ultrafast dynamics upon excita-
tion by multicycle THz pulses. Our results are consistent with
Ery,-field-driven ultrafast demagnetization and Hry,-field-
driven coherent local magnetization oscillations. In order to
understand both low- and high-fluence results, we introduced
a time-dependent damping that is determined by the interplay
of lattice heating and PMA reduction. For low pump flu-
ences (filtered), PMA remains largely unaffected and causes
a rapid alignment of the magnetization along the equilibrium
(z) direction, resulting in strongly damped coherent m, oscil-
lations. For high pump fluences (unfiltered), PMA undergoes
a substantial reduction which enables undamped coherent
m; oscillations upon lattice heating. The time to overcome
the anisotropy energy barrier thereby determines the tempo-
ral lag of the coherent response, suggesting an upper speed
limit for THz-driven magnetization switching in ferromagnets
with PMA. The nanometer spatial resolution of time-resolved
XRMS revealed correlated dynamics between domain and
DW contributions, showing no signs of decorrelation via spin
superdiffusion or ultrafast domain rearrangements. Hence, our
results suggest the feasibility of controllable spin dynamics in
magnetic nanostructures using THz-pump pulses and provide
a guideline to tune these dynamics by tailoring PMA and the
THz-pump fluence.
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APPENDIX A: TIME-RESOLVED X-RAY RESONANT
MAGNETIC SCATTERING

For the THz-pump—XRMS-probe experiment, FLASH was
operated in the single-bunch mode providing 60 fs extreme
ultraviolet (XUV) probe pulses at a repetition rate of 10 Hz.
The XUV undulator was tuned to generate probe pulses
with an average self-amplified spontaneous emission spec-
trum centered around Axyy = 20.8 nm, i.e., a photon energy
Exuv = 59.6 £ 0.6V in resonance with the Co M, 3 absorp-
tion edge [44]. Higher harmonics of the FEL spectrum were
blocked by a Si and Zr solid-state filter which, in combina-
tion with the back-reflection focusing mirror, attenuates the
probe-pulse intensity to about 0.037 wJ. With a beam size

4
® ] (©)
EO it 14
& J// 1.2
-4
-300 0 300 g 10
HoHoop (MT) < 0.8
(b) ié
0.4 — 0.6
s
N 0.4
®
E 0.0 0.2
w 0.0
0.4
-1000 0 1000
HoHp (MT)

of 52 x 40 um?, the calculated probe fluence is 2.2 mJ cm™2.

As expected for such a moderate fluence, no XUV-induced
demagnetization or XU V-induced permanent domain modifi-
cations were observed [45,46]. A THz beam with an about
4 times larger diameter than the XUV beam ensured homo-
geneous excitation of the probed area. Diagnostic tools on
the sample holder allowed for measuring coarse temporal
as well as spatial overlap of the two beams at the sample
position [47]. The scattered intensity was recorded by a CCD
with 2048 x 2048 pixels and a pixel size of 13.5 um. A beam
stop photodiode was installed centimeters from the detector
to block the intense direct FEL beam and, at the same time,
monitor FEL-intensity fluctuations for normalization of the
data [32]. The scattering statistics were improved by binning
4 x 4 pixels and accumulating 50 FEL pulse exposures in one
exposure of the CCD.

APPENDIX B: SAMPLE PROPERTIES

The sample used in this study was a ferromagnetic
Pt(2.0)/[Co(0.8)/Pt(0.8)]s/Pt(5.0) multilayer grown on a
Si3N4(50.0) multimembrane substrate via sputtering tech-
niques (numbers are in nanometers). Structural investigations
of Co/Pt multilayers fabricated in the same way revealed
polycrystallinity with pronounced (1 1 1) texture and a grain
size of about 10 nm [48].

The first- and second-order effective magnetic anisotropy
constants Kj;, were determined by the magneto-optical
Kerr effect (MOKE) in polar and longitudinal geometries
[Figs. 6(a) and 6(b)]. Polar MOKE measurements revealed
magnetic easy-axis behavior along the out-of-plane (OOP)
direction with a coercive field uoH. ~ 25 mT and a saturation
field poHs ~ 150mT. Longitudinal MOKE revealed mag-
netic hard-axis behavior along the in-plane (IP) direction. K| »

— Data
— Fit

200 300 400 500

600 700 800 900 1000
T(K)

FIG. 6. Static magnetic properties. (a) and (b) Results from polar and longitudinal MOKE at room temperature. The solid line in (b) is a fit
to the inverted data poHp(¢) for small ¢. (¢c) Temperature dependence of the spontaneous magnetization M measured by a vibrating sample
magnetometer in external magnetic field poHp = 500 mT. The Curie temperature T &~ 840K is estimated via a linear extrapolation at high

temperatures.
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TABLE 1. Material-specific parameters used for the M3TM
simulations.

Co Pt Si3N4
C.(Jkg 'K 0.0734T. [50] 0.03357. [50]  0.01007.*
C, Jkg'K™) 421 [51] 133 [51] 700 [51]
ke (Wm™'K™) 20° 20° 20*
Ky (Wm™ K1) 100 [51] 71.6 [51] 2.5 [52]
o (kgm™3) 8860 [51] 21500 [51] 3190 [51]
n+ ik 2.534+4.88i [53] 0.60 + 8.38i [53] 2.00[51]
# Assumption.

were determined by fitting the (inverted) hard-axis hysteresis
loop with

2K, 4K,
AL + M

woHp(m)) = BD)
where M, = 1.4 x 10°Am™! is the spontaneous magne-
tization in bulk Co at T =0K and my is the reduced
magnetization component parallel to Hip. A fit of Eq. (B1) to
the data yields K; = 19.6 + 47kIm3 and K, = —159.1 +
3.7kJm~3. Prior to the FEL beam time, the sample was
exposed to alternating OOP magnetic-field cycles with
decreasing amplitude and poHm,x = 1T to generate the
labyrinth-type domain network m,(r) close to the magnetic
ground state.

After the experiment, the temperature dependence of the
spontaneous magnetization Mg(7) was measured by a vibrat-
ing sample magnetometer in external magnetic field poHp =
500 mT. The temperature was increased from 7 = 300K to

(a)
1900
....... 24 mJ Cm*Z
. 1500} - 20 mJ cm™
X — 18 mJ cm™
= 1100 --- 16 mJ cm™
—= 14 mJ cm™
700 } --10mJcem™
== 4 mJcm
300
(b) 700
600
3
~ 500
<
400
300

Delay time t (ps)

T = 950K at arate of AT = 10K min~!. The Curie temper-
ature Tc ~ 840K was estimated by a linear extrapolation of
M (T) at high temperatures.

APPENDIX C: M3TM SIMULATIONS

Incoherent ultrafast demagnetization was simulated within
the UDKM1DSIM toolbox [35], which contains the microscopic
three-temperature model (M3TM) [49], including heat diffu-
sion along the sample z direction,

dT; 0 dT;

epa_: = 3_Z(Kea_ze) - Gep(Te - Tp) + S(z, 1),
T, 0 T,
%o = 2 (1622) 4+ Gy(T - 1),

P T oz <"p 92 ) + Gep( »)

9 =Rmi£|:1 —_ coth (mlTCﬂ. (1)
dt Tc T:

The first two differentials describe the electron- and phonon-
temperature transients, respectively, where C. and C, are
the heat capacities, . and «, are the thermal conductivi-
ties, Gep is the electron-phonon coupling parameter, and o
is the density. The initial heating of the electron system is
given by the laser source term S(z, ). Instead of a spin-
temperature transient, the M3TM considers a magnetization
transient that depends on 7; and 7, with a shape defined by
R = SanGepkBTCZVat/LB/L;IESZ. Here, ay = 0.15 is the spin-
flip probability, kg is the Boltzmann constant, 7o = 840K
is the Curie temperature, V, = 477> /3 is the atomic vol-
ume with atomic radius r, = 1.35A, Wat/ s = 1.72 is the
atomic magnetic moment in units of the Bohr magneton, and

()

K, (kJ m™)

Delay time t (ps)

FIG. 7. Results from M3TM simulations. (a) and (b) Transient electron and phonon temperatures 7:(¢) and 7,(t) for fluences F; = 4—
24 mJ cm~2. The transients are obtained from averaging spatiotemporal heat maps, simulated within the UDKM1DSIM toolbox, along the sample
z direction. (c) Transient first-order effective magnetic anisotropy K (), calculated as described in the main text.
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Ep = 0.0357eV is the Debye energy of Co [49]. For the
electron-phonon coupling parameter we take a constant value
of Gep = 1.5 x 10" Wm ™ K~ in Co [54]. The UDKMIDSIM
toolbox yields a reflectivity of 85.6% and a transmission
of 4.5% at A; = 800nm, calculated by the transfer matrix
method including multilayer absorption.

Within the UDKMIDSIM toolbox, in the first step, the
Pt(2.0)/[Co0(0.8)/Pt(0.8)]s /Pt(6)/Si3N4(50) sample structure
is generated as a 1D amorphous multilayer with material-
specific properties for each subsystem (see Table I). In the
second step, the laser source term S(z, ¢) is defined as a é-like
pulse of high frequency (A; = 800nm) with fluence F; = 4—

24 mJ cm™2. Note that the influence of the 3.6 ps pump-pulse
duration is taken into account via the convolution with the
coherent contribution Am(¢) (see the main text). In the final
step, the UDKMIDSIM toolbox calculates spatiotemporal heat
maps of the electron temperature, phonon temperature, and
magnetization for a certain delay range by solving Eq. (C1)
with an ordinary differential equation solver. T.(¢), T,(¢), and
Amj(t) are obtained by taking the heat maps’ spatial average
along the z direction. 7;(¢) and T,(¢) are given in Figs. 7(a)
and 7(b), and Am;(¢) is given in the main text. The anisotropy
transients K (¢) shown in Fig. 7(c) were determined from the
phonon-temperature transients as described in the main text.
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