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Coherent and incoherent ultrafast magnetization dynamics
in 3d ferromagnets driven by extreme terahertz fields
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Ultrafast spin dynamics in magnetic materials is generally associated with ultrafast heating of the electronic
system by a near infrared femtosecond laser pulse, thus offering only an indirect and nonselective access to
the spin order. Here we explore spin dynamics in ferromagnets by means of extremely intense THz pulses,
as at these low frequencies the magnetic field provides a direct and selective route to coherently control the
magnetization. We find that, at low fields, the observed off-resonantly excited spin precession is phase locked
to the THz magnetic field. At extreme THz fields, the coherent spin dynamics become convoluted with an
ultrafast incoherent magnetic quenching due to the absorbed energy. This demagnetization takes place upon a
single shot exposure. The magnetic properties are found to be permanently modified above a THz pump fluence
of ~100 mJ/cm?. We conclude that magnetization switching cannot be reached. Our atomistic spin-dynamics
simulations excellently explain the measured magnetization response. We find that demagnetization driven by
THz laser-field coupling to electron charges occurs, suggesting nonconducting materials for achieving coherent

THz-magnetization reversal.
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I. INTRODUCTION

The reversal of a magnetic bit typically occurs on the
nanosecond timescale in modern magnetic storage technology.
Current developments aim at attaining reversal of the magnetic
bit on a much faster, picosecond timescale, by means of
an ultrashort laser pulse. To this end, femtosecond lasers
operating in the near infrared (nIR) range (v = 400THz)
have been used to initiate ultrafast magnetization dynamics
[1,2]. In this optically-induced ultrafast spin dynamics, the
laser deposits energy in the electron system, immediately
increasing its electron temperature, which subsequently decays
into lattice and spin degrees of freedom [1-4]. However,
this leads mostly to a transition to a paramagnetic phase
and the goal of magnetization reversal is rarely achieved.
Thus far, only a few studies, in particular, performed on
a special class of rare earth-transition metal ferrimagnetic
materials, showed deterministic single-shot magnetic switch-
ing on tens of picoseconds time scales [5-7]. Single shot
all-optical switching was recently reported also for a thin
Pt/Co stack [8]. For other materials, all-optical switching has
only been achieved as a cumulative process by multishot
exposure [9—11].

Over the past years, THz radiation has been proposed as an
alternative route to ultrafast magnetization switching. It was
conceived that the magnetic field acting at THz frequencies
could lead to significantly faster switching in ferromagnets
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through direct coupling to the magnetic precessional motion
without first heating the electrons [12].

The THz magnetic field directly couples to the spin degrees
of freedom by the Zeeman interaction, which enables a highly
efficient torque acting on the magnetic system, and potentially
causes ultrafast switching without losing spin coherence prop-
erties. Thus far, state of the art table-top THz sources [13,14],
permitting time-resolved spin dynamics investigations, have
been mainly restricted to precessional spin motion in the pertur-
bative regime, that is, at low field excitation [15-20]. Coherent
reversal of the spin orientation through precession has to date
not been achieved, as it would require excitation with much
stronger THz magnetic fields, i.e., several Teslas [21], which
have only become available recently [22]. However, the heating
effect associated with THz pulses was only considered recently.
For this high-field regime, it was recently shown that THz
excitation of Ni leads only to ultrafast demagnetization, with no
clear experimentally observed trace of the desired precessional
dynamics [23]. This demagnetization was facilitated by the low
Curie temperature of Ni in comparison with other ferromagnets
such as Co and Fe.

In this paper, we report spin dynamics measurements
using tightly focused, intense THz bullets [22] exploring their
potential for precessional switching in thin films of the classical
conducting ferromagnets fcc Co and bcc Fe. We study the
joint appearance of thermal and nonthermal contributions to
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FIG. 1. Schematic diagram of the THz pump-magneto-optical
probe setup used in the experiment. Both the linearly polarized THz & ©o—° s-probe
i i < 0.8} 0—0O sum (arb.units), i
pump and the delayed nIR optical probe (800 nm, 75 fs) collinearly s o
impinge on the sample at an incidence angle of 45°. The sample =0 N_IH HTH_Z (arb.u:hlts)
is magnetized in-plane using an external AC magnetic field. The 06} — simulation
probe polarization angle 6 has been set either to 0° or 45° with
respect to s polarization, depending on the measurement. The reflected @
optical probe beam is sent to a balanced detector for Kerr rotation IS
measurement. Experiments were carried out at room temperature. f‘é
s o5l —— simulation |
the THz-induced magnetization dynamics. Using an advanced ' L . .
multiscale model, we show that coherent, precessional dy- -05 : delay (ps) 05 1.0

namics is indeed caused by the THz magnetic field while a
heating process caused by the THz electric field absorption
in the electronic system leads to incoherent demagnetization.
Importantly, even for the strongest THz excitations, we do not
achieve magnetization reversal, which suggests an immovable
limit to the attainable coherent dynamics in Fe and Co, and,
hence, that for reaching coherent THz switching other material
classes need to be considered.

II. RESULTS

To examine the THz-induced spin dynamics we performed
two types of experiments. The first one is time-resolved
THz pump-nIR magneto-optical Kerr effect (MOKE) probe
to reveal the ultrafast dynamics. The second one is static spin-
polarized scanning electron microscopy (spin-SEM) character-
ization [24] to study the spatial distribution of the permanent
magnetic changes. We excite the 15 nm magnetic thin films
with the ultra-intense THz bullet (see [22]). The laser system
was operating with a repetition rate of 100 Hz. The configu-
ration of the THz pump and nIR probe beams at the sample
position is shown schematically in Fig. 1. To orient the magne-
tization vector M of the film, an external magnetic field poHex
of 20mT was applied in the sample plane and parallel to the
plane of incidence. To maximize the Zeeman torque and thus
the precessional, coherent magnetization dynamics, we have
chosen M L Hry,. The external magnetic field was modulated
at 25 Hz to eliminate any contributions from the nonmagnetic
dynamics to the measured signal. Our acquisition system was
locked to this frequency. The time-resolved magnetization
dynamics was extracted by analyzing the MOKE signal in the
reflected nIR probe beam. The probe polarization 6 was set at
an angle of 0° or 45° with respect to the s polarization.

To theoretically model the THz-radiation induced magne-
tization dynamics we employ a multiscale approach (see Sup-

FIG. 2. Time-domain THz magnetic field and magnetization
responses. (a) Total pulsed THz fields with opposite polarities.
(b) THz-induced magnetization dynamics in Co under the excitation
with the two pulses shown in (a) with peak magnetic field of 6.6T.
(c) Demagnetization components retrieved from different measure-
ment techniques (see text) and atomistic simulations. (d) The extracted
coherent precessional spin motion compared to calculated results
from atomistic spin-dynamics simulations.

plemental Material (SM) [25] and Refs. [26,27]), in which we
perform atomistic spin-dynamics simulations using input from
ab initio calculations to parametrize our spin Hamiltonian,

HiSi} = — Z JijSi - Sj —d; Zsiz,z

ij

— ttotts Y Si - (Hey + Hrp,(1)). e)

1

Here, J;; denote the ab initio calculated Heisenberg exchange
constants, d, the uniaxial anisotropy, and S; = p;/us the
normalized magnetic moments. The Zeeman energy is given
by the external 25 Hz AC-field H.y and the THz magnetic
field Hry,(7) as depicted in Fig. 2(a) (for the conversion of the
vacuum fields to the fields inside the Co film see the SM [25]).
Since the amplitude of the quasiconstant field Hey, which is
used to saturate the magnetic film, is much smaller than the
THz-magnetic field, the ultrafast spin dynamics is completely
dominated by the latter. The spin dynamics in response to the
THz pulse is computed by integrating the stochastic, atomistic
Landau-Lifshitz-Gilbert (LLG) equation [27]. The effect of
the THz electric field Ety, is taken into account within the
framework of an extended two-temperature model [1,28], via
an excitation of the conduction electrons. The THz pulse
excitation causes a rapid increase of the electronic temperature
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FIG. 3. Measurements (a) and simulations (b) of the total THz-
induced magnetization dynamics in Co for different excitation flu-
ences. Measurement on an Fe film (c), showing similar magnetization
dynamics.

from which the heat is dissipated to the phonons and spin
system (cf. [29]), causing an incoherent spin excitation and
quenching of the magnetization. We use the transfer matrix
method to calculate the absorbed THz energy to be 11% of the
incident fluence. Finally, the calculated spin dynamics is then
translated into the MOKE signal, as described in the SM [25].
The implementation of such a multiscale model is very time
consuming and was performed only for fcc Co, since we do
not expect significant differences for the Fe films, due to their
similar magnetic properties.

The measured MOKE signal in the employed geometry
with 6 = 45° equally contains information on the in-plane
and out-of-plane magnetization dynamics (see the SM [25] for
details). The vectorial nature of coherent precessional dynam-
ics suggests that the application of two stimuli with opposite
signs [time-domain form shown in Fig. 2(a)] leads to opposite
torques and thus reversed precessional dynamics. However, our
measurement reveals a second distinct phenomenon, shown in
Fig. 2(b). The arithmetic average of the total dynamics cancels
out the coherent precession and thus represents the incoherent
demagnetization contribution only, shown in Fig. 2(c). This
conclusion is verified in two ways. First, changing the beam
configuration such that M || Hry,, the torque component must
vanish. Second, rotating the probe polarization angle 6 from
45° to 0°, the detected signal becomes most sensitive to the in-
plane magnetization, i.e., the demagnetization dynamics. All
results excellently agree as shown in Fig. 2(c). The dependence
of the dynamics on £Hry, can also be used to isolate the pure
precessional dynamics by subtracting the demagnetization
from the total dynamics leading to the coherent spin motion
shown in Fig. 2(d). The observed coherent dynamics are
excellently reproduced by our multiscale simulations, whereas

the demagnetization is overestimated in the simulations, see
Fig. 2(c).

In Fig. 3 we show the fluence dependent measurements of
both Co and Fe, as well as the full numerical simulations for
Co. We find that measurements and simulations equally show a
continuous superposition of the fast coherent spin precession
with the incoherent demagnetization; the latter becoming
apparent by the shift of the MOKE signal towards negative
values after the pulse has passed. The simulated out-of-plane
precession due to the THz torque reaches a maximum of 10°
for a fluence of 89 mJ /cm?, corresponding to 6.5 T in vacuum.
The THz torque is strongest at the sample surface and becomes
weaker with increasing depth. Thus, the average out-of-plane
excursion over the whole film depth reaches only about 5° at
the center of the pump spot. From the measured magnetization
dynamics in this geometry we can in itself not conclusively
determine THz-induced magnetization reversal, however, our
simulations show that the amount of precession is still far from
switching. It should further be noted here that the precessional
motion is not damped on this ultrashort time scale but simply
stops after the THz pulse has passed and the effective field in
the atomistic LLG equation is parallel to the magnetization
again. At the same time, the demagnetization in the simulations
reaches up to 40% at 1 ps pump-probe delay. This value is
higher than the 14% that is observed in the experiment, as
can be seen in Fig. 2(c). However, this is not unexpected
since there are no adjustable parameters in our model and
we do not take into account the field-induced changes of the
absorption or additional dissipation channels, as, e.g., electron
transport [30]. Furthermore, since in our two-temperature
model simulations the Co film temperature at the center of
the pump spot rises up almost to the Curie temperature, the
amount of demagnetization is very sensitive to the absorbed
fluence. Nevertheless, the simulated Kerr signal in Fig. 3(b),
which is the weighted average over the whole probe spot,
agrees well with the measurements shown in Fig. 3(a).

While the precessional motion is coherent, i.e., depending
on the magnetic field polarity, the second effect, heat-induced
demagnetization, is not as it depends primarily on the laser
energy deposited in the electronic system. The heating of the
spin system is indirect because it originates from the THz
energy absorption by the electronic system, which is followed
by a thermal energy exchange with the spin system. The
latter results in a loss of coherence and demagnetization, the
degree of which depends on the maximum electron temperature
and the dynamics of the heating process. Both the coherent
magnetic precession caused by the THz magnetic component
and incoherent demagnetization caused by the THz energy
absorption are launched within the temporal envelope of the
THz pulse (Fig. 2). While the precessional spin motion is off
resonant and locked to the THz magnetic field, the magnetiza-
tion quenching persists over a much longer time scale.

For both materials, Co and Fe, the effects of precession and
demagnetization are evidently present for different fluences.
Previous studies [16,31] suggested a linear dependence of
the precessional excursion on the exciting THz magnetic
field, whereas heat-induced demagnetization would suggest
quadratic dependence on the electromagnetic stimulus. There-
fore, as the THz intensity increases, the rate of heat-induced
demagnetization quickly surpasses the precessional contribu-
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FIG. 4. Fluence-dependent THz-induced demagnetization in
(a) cobalt and (b) iron. (c) The slow recovery of the demagnetization
after excitation with a fluence of 89.3 mJ/cm?.

tion to the measured dynamics. This effect is further enhanced
by the critical behavior of the magnetization close to the Curie
temperature.

To explore the THz-mediated demagnetization more thor-
oughly we modified the in-plane sensitivity of our MOKE
setup by setting the probe polarization angle 6 to 0° where
the demagnetization dynamics dominates the measured signal
and the coherent spin dynamics is negligible. The ultrafast
demagnetization measured with this 0° setup, shown in Fig. 4,
traces well the average of the 45° setup shown in Fig. 2(c),
where coherent and incoherent dynamics were simultaneously
measured. Demagnetization occurs gradually as a function of
the THz intensity as the deposited energy in the electronic
system leads to an increase of the spin fluctuations towards
criticality (Tc = 1394K for Co, Tc = 1044K for Fe [32]).
The difference in T suggests that magnetization quenching
is harder to induce in Co than in Fe, neglecting the minor
difference of the THz absorption coefficients. This qualitative
picture is reflected in the quantitative measurements shown in
Figs. 4(a) and 4(b). At a fluence of 89.3 mJ/cm?, the amount
of demagnetization reaches 14% for Co and 20% for Fe,
respectively. The ultrafast demagnetization coincides with the
THz intensity envelope and occurs on the scale of 300 fs. The
rate of demagnetization depends on the material and fluence
and is slightly faster for cobalt. The recovery time extends
beyond several hundreds of picoseconds [Fig. 4(c)].

The fluence dependence of the demagnetization is shown in
Fig. 5(a). Atlow fluence, the measurements show nearly linear
dependence. Here, the magnetization returns to its original
state. Upon increasing the fluence beyond a critical value of
ca. 100 mJ/cm? both Fe and Co begin to permanently lose
their local magnetization. At a fluence of 252 mJ/cm? the
demagnetization increases up to 23% and 28% for the Co and
Fe films, respectively. For both samples the resulting saturation
magnetization M is reduced irreversibly, but the effect is less
severe for Fe. The magnetization quenching is permanent and
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FIG. 5. Magnetization changes due to single-shot intense THz
pulse excitation. (a) The measured fluence dependence of the peak
demagnetization for Co and Fe. The dashed line gives the thresh-
old value beyond which permanent loss of magnetization happens.
(b) and (c) Spin-SEM images of the Co film M, after a single shot
THz exposure with different fluences.

continues to increase further with increase in the THz pump
fluence. Furthermore, this effect is cumulative over time.

To determine the permanent changes in the Co sample
we have employed spin-SEM, also known as SEMPA [24].
This technique is a variant of scanning electron microscopy
to which a spin analyser is added. A focused beam of § keV
electrons scans along the surface, thereby exciting a wealth of
low energetic secondary electrons (0-20 eV) through electron-
electron scattering. These electrons are ejected into vacuum
and subsequently spin analyzed. The electron spin direction
is a direct measure of the magnetization direction in the top
1 nm of the ferromagnet. In Figs. 5(b) and 5(c) we show two
images taken at fluences of 125 and 250 mJ/cm? for a single
THz shot after several weeks. In this measurement, the sample
was first magnetized and then the external magnetic field was
switched off before the THz bullet impinged on the sample.
This measurement shows, first, that the demagnetization effect
is permanent and can surprisingly be induced by a single
THz shot. We suspect that the magnetization reduction occurs
due to the formation of microdomains with opposite polarity
(light-gray areas in Figs. 5(b) and 5(c), cf. [33]). Second, the
change in magnetization is localized within the THz spot and
sharp edges can be observed from the images.

III. DISCUSSION AND CONCLUSIONS

We start with noting that several THz-coupling channels
could lead to the THz-induced demagnetization. First, THz
phonon [34] excitation can be excluded due to the absence of
phonons in our spectral excitation regime. Second, heating via
direct magnon excitations (cf. [35]) can be excluded as well
because we do not find a difference in the demagnetization
dynamics upon changing the spin excitation symmetry from
M 1 Hryy, to M || Hyy, as shown in Fig. 2(c). Third, there is
electron heating. Our spin-dynamics simulations confirm the
importance of the THz-electric field electron heating. Here,
for the classical ferromagnets Co and Fe we find that there
is an upper limit to the THz fluence of ca. 100 mJ/cm? that
can be maximally applied to these samples without causing
irreversible demagnetization for the single cycle pulse used in
our experiment [Fig. 2(a)]. Towards the target of THz switch-
ing, insulating magnetic materials look thus more promising
than the conducting ferromagnetic ones studied here where the
demagnetization effect can be significantly eliminated. Also,
ferrimagnetic or antiferromagnetic materials [15,21] could be
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more suitable for achieving THz switching. The switching
might be facilitated using even lower THz-excitation frequency
in compensated ferrimagnets [15]. We mention that a different,
recently explored route to THz-induced magnetization reversal
could be to exploit local THz magnetic near-field enhancement
in suitably fabricated nanostructures [36].

In conclusion, we have studied experimentally and numer-
ically the fundamental interaction of low-frequency terahertz
radiation with ferromagnetic Co and Fe up to extreme field
strengths. We find that the spins coherently precess with the
THz magnetic field while simultaneously demagnetization
takes place at higher pump fluence. Using spin-SEM, we
find that the demagnetization occurs upon a single THz shot
and that permanent magnetization modification occurs above
100 mJ/cm? pump fluence. Our spin-dynamics simulations
show that the demagnetization effect does not result from a
direct heating channel due to coupling of the spins to the
THz magnetic field. Rather, the heating of the spin system
is mediated by the coupling of the conduction electrons to
the THz electrical field. Our investigations thus establish an
upper limit of the reachable THz-pumped spin excursion in
classical ferromagnets and direct the search for even stronger,

coherent magnetization dynamics to insulating ferri- or ferro-
magnets where the direct energy absorption of the electrons is
minimal.
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