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Transient ferromagnetic-like state mediating
ultrafast reversal of antiferromagnetically

coupled spins
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Ferromagnetic or antiferromagnetic spin ordering is governed by
the exchange interaction, the strongest force in magnetism'™.
Understanding spin dynamics in magnetic materials is an issue
of crucial importance for progress in information processing and
recording technology. Usually the dynamics are studied by observ-
ing the collective response of exchange-coupled spins, that is, spin
resonances, after an external perturbation by a pulse of magnetic
field, current or light. The periods of the corresponding resonances
range from one nanosecond for ferromagnets down to one pico-
second for antiferromagnets. However, virtually nothing is known
about the behaviour of spins in a magnetic material after being
excited on a timescale faster than that corresponding to the
exchange interaction (10-100 fs), that is, in a non-adiabatic way.
Here we use the element-specific technique X-ray magnetic circular
dichroism to study spin reversal in GdFeCo that is optically excited
on a timescale pertinent to the characteristic time of the exchange
interaction between Gd and Fe spins. We unexpectedly find that
the ultrafast spin reversal in this material, where spins are coupled
antiferromagnetically, occurs by way of a transient ferromagnetic-
like state. Following the optical excitation, the net magnetizations
of the Gd and Fe sublattices rapidly collapse, switch their direction
and rebuild their net magnetic moments at substantially different
timescales; the net magnetic moment of the Gd sublattice is found
to reverse within 1.5 picoseconds, which is substantially slower
than the Fe reversal time of 300 femtoseconds. Consequently, a
transient state characterized by a temporary parallel alignment
of the net Gd and Fe moments emerges, despite their ground-state
antiferromagnetic coupling. These surprising observations, sup-
ported by atomistic simulations, provide a concept for the possibility
of manipulating magnetic order on the timescale of the exchange
interaction.

Understanding the physics of non-equilibrium magnetic phenomena
is crucial for the understanding of ultrafast magnetization dynamics.
This research field started with the seminal observation of subpico-
second demagnetization in ferromagnetic nickel’ by a 60-fs laser pulse,
and was subsequently fuelled by a plethora of fundamentally intriguing
ultrafast magnetic phenomena®. To study this transient regime of spin
dynamics where novel coupling phenomena can emerge, one faces two
challenges: (1) how to probe the response of one magnetic moment
relative to another; and (2) how to bring the moments out of equilibrium
on a timescale corresponding to the exchange interaction.

Ferrimagnetic materials are ideal candidates with which to address
both these problems. First, in contrast to elementary ferromagnets,
such as Fe, Ni or Co, and typical antiferromagnets like NiO where
all the spins are equivalent, ferrimagnets consist of two (or more)
non-equivalent and antiferromagnetically coupled spin sublattices’.
This non-equivalence of the sublattices in combination with an

element-specific detection technique like X-ray magnetic circular
dichroism (XMCD) allows us to ‘colour’ spins in the magnet and to
probe the response of one moment relative to another. Second, ultrafast
heating of a ferrimagnet over its compensation point in an external
magnetic field allows the initiation of the fastest spin reversal reported
so far*’. The simplest ferrimagnet, consisting of two collinear magnetic
sublattices, may possess a magnetization compensation temperature
denoted as Tyy. Ty is the result of the different temperature dependences
of the two sublattice magnetizations, and represents the point where the
magnetizations of these two antiparallel-coupled sublattices are equal
and cancel each other. Heating the ferrimagnetic Gd(FeCo) alloy with
subpicosecond laser pulses over Ty in an external magnetic field triggers
the reversal of the FeCo sublattice within 700 fs (ref. 9). Looking at the
Gd sublattice during ultrafast spin reversal of its neighbour Fe would
thus be a promising approach to generate and study a state with
decoupled behaviour and different dynamics of the two sublattices.

As a model system for such studies, we have used thin films of the
amorphous ferrimagnetic alloy Gd,sFegs sCoy 4, where Gd and FeCo
represent two antiferromagnetically coupled collinear magnetic sub-
lattices'. For simplicity, in the following we focus on the behaviour of
the Gd and Fe moments and ignore the small percentage of Co in the
transition metal sublattice (Supplementary Information). In order to
probe the magnetizations of the two sublattices independently, we
used the element-specific XMCD technique. The XMCD measure-
ments were performed in transmission for a fixed X-ray light helicity
and opposite orientations of the external magnetic field of 0.5 T. The
photon energy of the X-ray light was tuned at the Fe L; and at the Gd
M5 absorption edges in order to measure their magnetic response
separately. In Fig. 1 we show the results of static XMCD measurements
as a function of magnetic field measured below and above T);. The
XMCD signals at the Fe and Gd edges reveal the respective sign change
of the hysteresis loops on heating the alloy above Ty;. Therefore, the
data in Fig. 1 confirm that XMCD serves as an element-specific probe
of spins in this rare earth-transition metal alloy (see also Supplemen-
tary Information).

In order to trigger ultrafast spin dynamics in this alloy, we initiated
the reversal of the magnetizations of the two sublattices by ultrafast
heating of the sample above Ty using a linearly polarized 60-fs laser
pulse with photon energy of 1.55 eV. The dynamics of the Fe and Gd
magnetic moments were independently probed using 100-fs soft X-ray
pulses'"'* (see Supplementary Information section 1). Figure 2 shows
the results of time-resolved measurements of the dynamics of the Fe
and Gd sublattice magnetizations. The measurements were performed
with an incident laser fluence of 4.4 mJcm ™2 and a sample temper-
ature of 83 K, which is well below Ty; = 250 K.

First, the net magnetizations of both sublattices rapidly decrease.
However, whereas the net magnetization of Fe has collapsed within
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Figure 1 | Ferrimagnetic alignment of the Fe and Gd magnetic moments as
measured by element-specific XMCD hysteresis. a, b, Top, XMCD signals
measured at the Fe and Gd absorption edges as a function of applied magnetic
field below (a) and above (b) the magnetization compensation temperature
(Tn), demonstrating the ferrimagnetic alignment of the Fe and Gd magnetic
moments. a, b, Bottom, a generic ferrimagnet, showing the alignment of the
magnetic moments of the constituent sub-lattices with respect to the external
magnetic field, H.
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300 fs, the demagnetization of Gd takes as long as 1.5 ps. Remarkably,
in spite of the exchange coupling between the rare earth and transition
metal sublattices, they apparently lose their net magnetizations inde-
pendently, as would be the case for two decoupled transition metal and
rare earth ferromagnets™'*. To retrieve the time constants of the
involved processes, we have used a double exponential fit function
convoluted with the time resolution of the experiment of 100fs,
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Figure 2 | Element-resolved dynamics of the Fe and Gd magnetic moments
measured by time-resolved XMCD with femtosecond time-resolution.

a, Transient dynamics of the Fe (open circles) and Gd (filled circles) magnetic
moments measured within the first 3 ps. b, As a but on a 12 ps timescale. Error
bars of the experimental data represent the statistical standard error. The
measurements were performed at a sample temperature of 83 K for an incident
laser fluence of 4.4 mJ cm 2. Experimental time resolution of 100 fs is depicted
by the solid Gaussian profile. The solid lines are fits according to a double
exponential fit function (Supplementary Information). The dashed line in both
panels depicts the magnetization of the Fe sublattice taken with the opposite
sign (that is, opposite with respect to the sign of the measured Fe data).
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depicted by the Gaussian curve in Fig. 2 (see Supplementary
Information section 3). We find a time constant g, = 100 * 25 fs
for the Fe and 764 = 430 % 100 fs for the Gd magnetic moment, and
thus a ratio tG4/Tre = 4, characterizing the fast initial drop in the
transient dichroic signal. Note that the laser-induced dynamics studied
here rely on crossing the compensation temperature Ty, and thus are
fundamentally different from the laser-induced demagnetization of
pure Fe and Gd that rely on crossing the Curie point T¢ (refs 15, 16).

Second, the magnetizations of both sublattices switch their direc-
tions by crossing the zero signal level and rebuilding their net magnetic
moments. Up to 10 ps, the Gd- and Fe-sublattices show distinctly
different switching dynamics. Even more surprisingly, within the time-
scale between the zero crossings of the Fe and Gd moments (that is,
between 300 fs and 1.5 ps), the net Fe and Gd moments are parallel
aligned along the z axis despite antiferromagnetic coupling of the spins
in the ground state. Note that the net Fe and Gd moments in the
transient ferromagnet-like state are reaching rather large values, up
to 25% of the equilibrium magnetization. This, together with the sub-
stantial laser-induced increase in temperature, indicates a rather
strong transient parallel alignment of the Fe and Gd moments. All
these observations mean that we have entered a thus far unexplored
regime of magnetization dynamics triggered by an ultrashort stimulus,
where two exchange-coupled magnetic sublattices are not in equilib-
rium with each other, show different magnetization dynamics and
store different amounts of energy. Consequently, the concept of a
magnon (a quantized collective excitation of spins) in such a non-
equilibrium ferrimagnetic state should be re-examined, as this state
precedes the establishment of the collective Gd-Fe excitations and
magnetic resonances in this material.

To further investigate the effect of laser excitation on the degree of
switching, we have also studied the dependence of the Fe and Gd
dynamics on the laser fluence. As shown in Supplementary Fig. 3,
we observe that slightly decreasing the fluence from 4.4 to
4mJcm ™ ” leads to longer but still distinct switching times for Fe
and Gd. This results in alonger lived transient ferromagnetic-like state,
which spans the time range from 700 fs to about 4 ps for this lower
fluence.

To obtain a better understanding of the origin of such strongly non-
equilibrium spin dynamics, we have developed a model of a ferri-
magnet comprising 10° localized atomistic exchange-coupled spins
and performed numerical simulations of the dynamics after ultra-
short laser excitation (Supplementary Information section 4). The
model takes into account realistic magnetic moments for Gd and Fe
as well as the exchange constants extracted from experimentally mea-
sured temperature dependencies of the sublattice magnetizations. In
particular, we used an effective Fe-Gd exchange constant of
4.77 X 102" J per spin (~140 fs). Following ref. 17, we couple the spin
system to the electron temperature, which is calculated using the so-
called two-temperature model'®.

Figure 3 shows the results of the simulations when applying a heat
pulse with a maximum electron temperature of 1,492 K. First, the time
evolution of the sublattice magnetization agrees very well with the
experiments, and qualitatively reproduces the timescales for the
demagnetization of each sublattice. The time required for the dis-
appearance of the net magnetizations of the sublattices is found to be
proportional to the ratio y/4, where p and 4 are respectively the mag-
netic moment of the ion and the damping constant of the sublattice.
Second, the ferromagnetic-like state is also reproduced, in a time
window close to that observed experimentally. In addition, the reversal
of the sublattice magnetizations is found to occur via the mechanism of
linear reversal”, that is, no transverse moment is observed. Note that
even making the Gd-Gd exchange interaction in the simulations as
strong as the Fe-Fe interaction does not lead to qualitative changes of
the dynamics of the Fe and Gd sublattices (Supplementary Information
section 5). Moreover, for the sake of argument the model ignores any
differences in the electron temperature and the damping constants
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Figure 3 | Computed time-resolved dynamics of the Fe and Gd magnetic
moments from localized atomistic spin model. a, Cartoon-like illustration of
the non-equilibrium dynamics of the Fe and Gd magnetizations with respect to
an external magnetic field H. The lengths of the arrows are scaled to the
magnitude of the transient XMCD signals shown in Fig. 2. b, ¢, Simulated
dynamics for the first 3 ps (b) and the first 12 ps (c) after laser excitation. The
calculations were performed for a peak electronic temperature of 1,492 K with
the corresponding transient electronic and phononic temperatures shown in
c. The transient magnetization changes are normalized to magnetization values
at negative delays, that is, to equilibrium values. As is clearly seen, the
demagnetization of the Fe is much faster than that of the Gd (see inset in b; axes
same as main panel). For a time of ~0.5 ps, we observe a parallel alignment of
magnetizations of the sublattices. The agreement with the experimental data in
Fig. 2 is qualitatively excellent.

for Gd and Fe (/g. = /gq = 0.05). However, even after such simplifica-
tions a good agreement between the experiment and the simulations is
observed. This is a strong indication that the novel magnetization
dynamics reported here are an intrinsic property of the spins in a
ferrimagnet excited by an ultrashort stimulus.

Both the experiments and the simulations show that the ferro-
magnetic-like state emerges owing to the substantially different
dynamics of the transition metal and rare earth sublattices—in par-
ticular, the fact that the transition metal reaches the state with zero net
magnetization much faster than the rare earth component. The
dynamics of the Fe spins in the following time domain occur on the
background of a reducing magnetization of the rare earths. The
exchange interaction between the Gd and Fe can flip an Fe spin when
a Gd spin is reversed. As the exchange is antiferromagnetic, such a
process will promote a growth of the net Fe magnetization in the
direction parallel to the remaining magnetization of Gd. The simula-
tions indeed confirm that the growth of the Fe magnetization in this
time domain occurs with a speed similar (only slightly lower) to that at
which the Gd magnetization decreases (Fig. 3b inset).

To conclude, our findings provide unexpected new insights into the
fundamentals of ferrimagnetism, showing that two magnetic sublat-
tices may have totally different spin dynamics even on a timescale
much longer than the characteristic time of the exchange interaction
between them. In the newly discovered transient ferromagnetic-like
state, the magnetic system stores a large amount of energy in the intra-
and inter-sublattice exchange interactions. Thus it is reasonable to
hypothesize that the much weaker interaction of the spins with an
external magnetic field hardly influences the spin dynamics in this
ultrafast regime, leading to novel switching scenarios. The discovery
of these dynamics is important for both the understanding of the
physics of ultrafast magnetic phenomena on the timescale of the
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exchange interaction, and for the establishment of the fundamental
limits on the speed of magnetic recording and information processing.

METHODS SUMMARY

Element-specific hysteresis curves were measured in transmission by setting the
X-ray photon energy at the maximum absorption edge (L; edge of Fe and M5 edge
of Gd) and sweeping the external magnetic field (which is orientated normal to the
sample surface) over +0.5 T. The hysteresis was measured at a fixed X-ray light
helicity.

Time-resolved XMCD measurements were performed in transmission using
60-fs laser pulses at a wavelength of 800 nm to photo-excite the sample, and using
circularly polarized 100-fs X-ray pulses to probe independently the dynamics of
the Fe and Gd magnetic moments. The X-ray photon energy was centred at the
maximum absorption edge of Fe (L;) and Gd (M5s) and the laser-induced changes
in transmission were measured for opposite orientations of the external magnetic
field (=0.5T) at a fixed X-ray light helicity. Using a gated detection system, we
could record the transient evolution of the pumped (in the presence of laser
excitation) and un-pumped (in absence of laser excitation) XMCD signals as a
function of pump-probe delay.

For the atomistic spin simulations, the dynamics of the spin system are
described using the Landau-Lifshitz-Gilbert (LLG) equation with Langevin
dynamics"”. The model treats GdFeCo as a two-sublattice system with a
Heisenberg type of exchange. FeCo is represented by a single generic transition
metal sublattice. The exchange constants used in the simulations were obtained by
fitting the static, temperature-dependent XMCD measurements for the Fe and Gd
sublattices. To simulate the effect of the laser excitation, we couple the spin system
to the electron temperature calculated using the two-temperature model'®.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

The studied samples are amorphous thin films of Gd,sFess sCoy 4 of 30 nm thickness
which have been deposited by magnetron sputtering on a free-standing Al foil of
500 nm thickness. To avoid oxidation of the GdFeCo layer, Si;N, films of 100 nm
and 60 nm thickness were used as buffer and capping layers, respectively. The films
exhibit an out-of-plane magnetic anisotropy as deduced from element-specific
hysteresis (Fig. 1).

Static and dynamic XMCD measurements have been performed in transmis-
sion for opposite orientations of the external magnetic field (0.5 T) and at a fixed
X-ray light helicity. The magnetic field is oriented perpendicular to the sample and
parallel with the X-ray propagation direction. The element-specific hysteresis
curves have been recorded by setting the X-ray photon energy at the maximum
absorption edge (L; edge of Fe and M5 edge of Gd) and sweeping the external
magnetic field between =0.5T.

The time-resolved XMCD measurements have been performed by exciting the
sample with 60 fs laser pulses of 800 nm wavelength at a repetition rate of 3kHz
and probing the subsequent dynamics with 100fs circularly polarized X-ray
pulses. By setting the X-ray photon energy at the maximum absorption edge of
Fe (L; edge) and Gd (M edge) we could disentangle the dynamics of the Fe and Gd
magnetic moments. The typical size of the laser beam in focus was 0.8 X 0.4 mm
that led to an incident laser fluence of 4.4mJcm ™ 2 The X-ray beam size was
0.3 X 0.1 mm. The laser-induced changes of X-ray transmission were measured
for opposite orientations of the magnetic field using an Si avalanche photodiode
and a gated boxcar detection system. The time evolution of the pumped (in the
presence of laser excitation) and un-pumped (in absence of laser excitation) sig-
nals have been recorded as a function of pump-probe delay. The dynamic XMCD
signals have been obtained from the difference of the laser-induced absorption
changes measured for opposite magnetic fields. In the main paper we show the
ratio of the pumped and un-pumped XMCD curves. The time-resolved XMCD
measurements have been performed at a sample temperature of 83 K.

To fit the time-resolved XMCD data, we have used a double-exponential fit
function convoluted with the time resolution of the measurement:

ft) = G(t) * [A = BX (1 — exp(—t/11)) — CX (1 — exp(—t/1))]

with G(t) describing the Gaussian function that accounts for the time resolution of
100 fs, A representing the value of the transient signal at negative delays, 7, and 7,
the time constants characterizing the two processes—the initial rapid drop and the
slower remagnetization in the opposite magnetization direction—describing the
temporal evolution of the data, and B and C are exponential amplitudes. Both the
static and dynamic XMCD measurements have been performed at the femto-
slicing facility at BESSY II Berlin

The dynamics of the spin system are described using the Landau-Lifshitz-
Gilbert (LLG) equation with Langevin dynamics, which is a stochastic differential
equation with multiplicative noise. The stochastic term augments the local field H;
to incorporate thermal fluctuations. The model uses a numerical solution of the
LLG equation:

S _ Vi
a A+

Here §; is the spin at the atomic site i, which is normalized to unity, y; is the
gyromagnetic ratio associated with the spin at site i and y; is the magnetic moment
associated with each species. H; is the effective field at each site, which includes
contributions, determined by our Hamiltonian, which we choose to be of the
generic Heisenberg form, given by:

E=— ZLjS,-on — Z d,Sf — Z H;‘B‘Sz (2)
(i) i i

Here Jj; is the exchange constant between neighbouring spins, d; is the uniaxial
anisotropy energy per spin and B is the magnetic field. The field at each site is then
given by:

{Si x [H; + 4:S; x H;]} (1)
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6Ei
H,’ = — =—
2, (3)
which leads to the expression for the fields:
H;= Z Sj + d,S,Z + ,u,B (4)

This field must be evaluated for each spin at each step of the numerical integration.
We utilize the Heun method for the numerical integration, which is a second order
predictor-corrector method.

For the specific problem of our LLG equation for atomistic spins, we augment
equation (3) by adding on the thermal term giving the local field in the form:

Hi=———+g (5)

with the stochastic term, g;, having the properties:

(080) =280.00 1) 22T (©)

and

(l)=o0 7)

The equation of motion is solved for each spin at each time step. We use an f.c.c.
lattice randomly populated by transition metal and rare earth spins, for which we
use a uniform random number generator.

The longitudinal relaxation calculations are carried out as follows. Spins are
initialized in the same direction and the temperature set to the required value. The
evolution of the spin system is calculated by direct numerical integration of the
coupled equations of motion. The temporal variation of the magnetization is
calculated until equilibrium is reached.

For the switching simulations, the system is subjected to a time varying tem-
perature associated with the conduction electron heat bath. The electron temper-
ature is calculated from the two temperature model'*:

0T,
Co 5t = —VoQu—G(T.—T))+S(r.0)
Te & +Q.=—K. VT,

ot

or, ®
G~} =—VeQ+G(T.—T))

ot

0Q
TléTl +Q=—-KVT

Here C, is the electron specific heat capacity, C, is the lattice/phonon specific heat
capacity, and T, and Tj are the electron and lattice temperatures, respectively. Q.
and Q, are the heat flux vectors through the electron and lattice systems respec-
tively and are (in general) dependent on the position within the body. G is the
electron-phonon coupling factor, 7. and 7 are the electron and phonon energy
relaxation times, respectively. K, and K] are the thermal conductivity constants of
the electron and phonon systems, respectively. We assume uniform heating
throughout the sample and a Gaussian laser pulse, which reduces equations (8)
to only the first and third equation. This can then be solved using direct numerical
integration with a first order Euler scheme.

The values of the physical quantities used in this manuscript are summarized
as follows. Fe-Fe exchange, Jre_pe =2.835 X 1072 per link. Gd-Gd exchange,
Jod-ca = 1.26 X 1072'] per link. Fe-Gd exchange, Jre_ga = —1.09 X 107" per
link. ot = 0ig, for which we use 0.05. Though the qualitative result does not change
with the reversal, the timescale will vary. Gyromagnetic ratios, yge = yGa = )-
Magnetic moment of Fe jipe = 1.92 pip. Magnetic moment of Gd pigq = 7.63tp.
Time step At = 0.1fs. Anisotropy constant d; = 0.807246 X 10>’ ] per spin
for both the Fe and the Gd.
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