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Element-Selective Probing of Ultrafast Ferromagnetic-Antiferromagnetic
Order Dynamics in Fe/CoO Bilayers
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The ultrafast magnetization dynamics of an epitaxial Fe/CoO bilayer on Ag(001) is examined in an
element-resolved way by resonant soft-x-ray reflectivity. The transient magnetic linear dichroism at the Co
L, edge and the magnetic circular dichroism at the Fe L; edge measured in reflection in a pump—probe
experiment with 120 fs temporal resolution show the loss of antiferromagnetic and ferromagnetic order in
CoO and Fe, respectively, both within 300 fs after excitation with 60 fs light pulses of 800 and 400 nm
wavelengths. A comparison to spin-dynamics simulations using an atomistic spin model shows that direct
energy transfer from the laser-excited electrons in Fe to the magnetic moments in CoO provides the
dominant demagnetization channel in the case of 800-nm excitation.
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The discovery of ultrafast magnetization dynamics by
Beaurepaire er al. [1] in ferromagnetic (FM) Ni has
propelled scientists to investigate emergent ultrafast mag-
netic phenomena and theorize their possible explanations
[2-14]. In recent times, antiferromagnetic (AFM) films
have shown great promise for potential applications in
memory [15-18] and ultrafast spintronic devices [19-22].
Antiparallel sublattice magnetization eliminates the neces-
sity for overall angular momentum dissipation, resulting in
faster magnetization dynamics [23,24]. Moreover, AFMs
can be used to tune the magnetic properties of adjacent
ferromagnetic films in FM/AFM hybrid layers, for exam-
ple, to approach specific functionalities. In the ultrafast
regime, FM/AFM systems are interesting from a funda-
mental viewpoint with respect to the interplay of the
different local and nonlocal mechanisms [25,26] as well
as the magnetic coupling at the interface that may govern
the ultrafast response of the system [27]. While the static
interaction between the FM and AFM layers has been
extensively studied in several systems in the past, little is
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known about the ultrafast dynamic response of FM/AFM
layered systems, despite the importance of interface effects
[28]. This is mainly due to the zero net magnetic moment of
AFMs, which hampers investigations in general, and time-
resolved studies in particular, since it excludes commonly
used methods detecting the ultrafast temporal evolution of
the total magnetic moment. A method that allows for
detecting antiferromagnetic spin order in a time-resolved
and element-selective way is required.

Magnetic linear dichroism is such a method that can be
used to characterize collinear AFM order. Although
typically being much smaller than its circular counterpart,
it has been used in the visible-light regime to study the
temporal evolution of spin order in CuMnAs or CoO films
[29,30]. For the investigation of AFM/FM layered sys-
tems, however, elemental specificity is mandatory to
separate the signals from the two layers, which is not
provided by visible light. Elemental specificity, on the
other hand, is routinely achieved in the soft-x-ray regime,
where one takes advantage of the differences of elemental
absorption energies. Time-resolved x-ray-spectroscopic
studies on element-specific AFM order so far have utilized
femtosecond soft-x-ray resonant diffraction [7,11,23,24].
Thereby, a relatively large unit cell of the AFM order,
comparable to the wavelength of the incident x-rays, is
required. This does not work for AFM materials with
small magnetic unit cells like collinear AFMs, when
the size of the magnetic unit cell is smaller than half of
the wavelength of the resonant soft x rays, which is in
particular the case for many important 3d transition-metal
systems.

Published by the American Physical Society
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In this Letter, we employ time-resolved x-ray magnetic
linear dichroism in resonant soft-x-ray reflectivity
(R-XMLD) [31] to observe the ultrafast dynamics of
AFM spins in a single-crystalline CoO film in an Fe/CoO
bilayer. R-XMLD, in the same way as XMLD in absorption,
probes the difference between the dielectric tensor elements
parallel and orthogonal to the x-ray polarization induced by
the magnetic moments; see Supplemental Material (SM)
[32]. Thisis even in M, to lowest order proportional to M. In
AFM materials, M refers to the sublattice magnetization.

We detect the element-resolved dynamic response of the
AFM CoO layer and juxtapose it with the demagnetization
in the adjacent FM Fe layer, obtained from time-resolved
x-ray magnetic circular dichroism in reflection (R-XMCD)
[61]. By doing so, we address the important questions of
how and on which timescales the optical excitation of an
FM/AFM bilayer is transferred between the two layers and
into the magnetic subsystems. Exciting both layers simul-
taneously or only one of them by using pump pulses of 800
or 400 nm wavelength, where the corresponding photon
energies are below and above the electronic band gap of
CoO [30,62], allows for differentiating the role of different
transfer paths.

Interestingly, both layers demonstrate an ultrafast reduc-
tion of magnetic order with similar time constants of about
200400 fs at both pump wavelengths. At the 800 nm pump,
the excitation in the CoO layer must be entirely transferred
from outside the CoO layer, mainly the Fe layer, as the
800 nm pump photon energy of 1.55 eV is smaller than the
CoO bandgap, while at the 400 nm pump, a comparison of
the demagnetization amplitudes of both layers shows a
significant excitation directly in the CoO layer [63]. We
compare the experimental results to atomistic spin-dynamics
simulations using the stochastic Landau-Lifshitz-Gilbert
(LLG) equation and a temperature model for the different
layers and identify a direct energy transfer from the electronic
system of the Fe layer to the spin system of the CoO layer
across the interface as a relevant mechanism governing the
ultrafast spin dynamics of the AFM CoO layer.

A film of 9 (£0.5) atomic monolayers (ML) average
thickness of CoO is grown epitaxially on an Ag(001) surface,
following the recipe described in Ref. [33], and capped by 9
(£1) ML Fe (for details of the sample preparation, see SM
[32]). A characteristic XMLD spectrum at the Co L, 5 edges
in absorption below about 290 K upon turning the polari-
zation axis of linearly polarized x rays of normal incidence by
90° [33] shows a collinearity of the CoO antiferromagnetic
spin structure in the film plane. The CoO moments are
aligned with the Fe magnetization direction along an Fe
(100) easy axis of magnetization due to a strong coupling at
the interface [33,64]. The AFM spin axis can thus be turned
by 90° in the sample plane by an external magnetic field via
the coupling to the Fe magnetization.

The sample is transferred under ultrahigh vacuum con-
ditions to the synchrotron radiation source BESSY II

in Berlin. There, the time-resolved measurements are
performed in 10~® mbar pressure, at 200 K with a
120 mT applied field parallel to the sample surface for
magnetic saturation, at the Femtoslicing Facility. 60 fs p-
polarized pulses of either 800 or 400 nm wavelength are
used to pump the sample at a repetition rate of 3 kHz, while
subsequent probing is achieved with 100 fs polarized x-ray
pulses from the femtoslicing mode of the beamline, probing
the sample at 6 kHz, to detect both pumped and unpumped
reflected signals alternatingly. The latter are used to
normalize the pumped signal. Both pump and probe beams
are copropagating (1°-2° apart to filter the pump pulse after
reflection) onto the sample at grazing incidence with the
pump spot size spanning approximately five times the
probe spot size (100 pm) to excite the probed area uni-
formly. For R-XMLD of CoO and R-XMCD of Fe, we
opted for 793.3 eV at the Co L, edge and 709.8 eV at the Fe
L5 edge while keeping the same 5° incident grazing angle in
both cases in order to maintain identical pump conditions.
These energies were chosen to achieve the most efficient
measurement condition considering acquisition times for
the given angle of incidence [32]. Figure 1(a) shows a
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FIG. 1. (a) Sketch of the sample and the experiment. AFM
order is probed with linearly s-polarized x-rays tuned to the L,
resonance of Co, copropagating with a pump pulse, in reflectivity.
The magnetic field H is changed by 90° along the sample surface
to obtain R-XMLD contrast. (b) Reflected intensity for the
parallel and perpendicular directions of the magnetic field as a
function of reflection angle at the optimal photon energy for CoO,
as established by comparing such scans for different photon
energies. The used incidence angle of 6 = 5° is marked by a
vertical dashed line. Inset: magnetic contrast as a function of
photon energy at the constant angle of & = 5°. For CoO, the least
acquisition time at this angle is attained when the photon energy
is 793.3 eV (blue vertical line).
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FIG. 2. Magnetization dynamics of CoO and Fe experimentally observed for 800 and 400 nm pump obtained from R-XMLD and
R-XMCD measurements as a function of delay time. Both short- and long-range delay-time graphs (right and left panels, respectively)
illustrate the different magnetization regimes. The scattered points are the experimental data, and the dashed lines result from a
simulation using the atomistic spin model described in the text and schematically depicted in Fig. 3.

sketch of the sample and the experimental configuration,
and Fig. 1(b) shows the static magnetic signal at the Co L,
edge. The x-ray beam was maintained at linear s polari-
zation for the R-XMLD experiment, while the magnetic
field was altered by means of the superconducting vector
magnet of the beamline in steps of 90° in the sample plane
in order to change the magnetic axis of CoO between
parallel and perpendicular to the x-ray polarization via the
magnetization of the Fe layer. In this way, no structural
linear dichroism contributes to the difference signal. For the
R-XMCD measurement of Fe, the incident x rays were
circularly polarized and the magnetic field direction was
reversed by 180° between parallel and antiparallel to the x-
ray helicity vector. Effects related to an optically induced
transient repopulation of electronic states could in principle
also modulate the difference signals at very short time
scales well before electron thermalization (< 100 fs)
[65,66]. As we do not see any signs of sizeable additional
contributions to the difference signals on these time scales
and the transient changes in the absolute reflectivity are
much smaller than in the difference [32], we conclude that
the reflectivity changes are predominantly due to R-XMLD
and R-XMCD, respectively.

Although the resulting R-XMLD difference amounts to
only about 5% of the averaged reflectivity and the sliced
synchrotron-radiation probe exhibits about eight orders of
magnitude reduced intensity compared to static experi-
ments, it is possible to measure the time evolution of the
magnetic signals from Fe and CoO layers at 200 K when
pumped at 800 and 400 nm wavelengths with 10 mJ/cm?
nominal incident fluence (maximum fluence in the laser
spot at the surface of the sample). Figure 2 shows the
extracted CoO sublattice magnetization and Fe magneti-
zation as a function of delay time after the pump, where in

the case of CoO a proportionality of the R-XMLD signal to
the square of the sublattice magnetization has been taken
into account. Both Fe and CoO exhibit a similarly fast
initial drop, which is larger in Fe than in CoO at 800 nm
excitation, while at 400 nm Fe demagnetizes less. For a
quantitative evaluation, the magnetization dynamics were
fitted with a double exponential function convoluted with a
120 fs Gaussian response function in order to describe the
fast demagnetization and slower remagnetization of the
experimental data within the measured time window [32].
The resulting parameters are summarized in Table 1. The
extracted demagnetization times are somewhat shorter at
800 nm pump with 200-300 fs compared to 400 nm pump,
where 300-450 fs are measured. However, for Fe the
experimental uncertainty of the measurement at 400 nm
pump is larger than the difference in demagnetization
times, while for CoQO, it is just at the edge of being
significant. The reason for the somewhat different CoO
sublattice demagnetization times could be the different
mechanisms of excitation of the CoO layer at 800 and
400 nm pump, as will be discussed below.

800 nm photons are below the bandgap of CoO. In a
standalone CoO layer, Zheng et al. did not observe any
response in the time-resolved Voigt-effect signal after
800 nm excitation [30] due to CoQ’s transparency at this
wavelength. Our experimental results for 800 nm excita-
tion, therefore, suggest significant energy transfer to the
CoO layer from the other layers, specifically from the Fe
layer. This is consistent with previous reports from FM/
AFM layered systems. In a work by Ma et al., a CoO/Fe
bilayer showed an enhanced precession of the magnetiza-
tion upon 800 nm excitation compared to a single Fe layer,
as detected by time-resolved magneto-optical Kerr effect,
which was interpreted as a modulation of the exchange
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TABLE I.

Demagnetization and remagnetization times (74, and 7,.) and amplitudes (A4, and A,.) extracted from

the experimental data by exponential fits for the CoO sublattice and the Fe transient magnetization at 800 and

400 nm pump wavelengths.

Wavelength/nm Layer Tgo /TS Age Tre/PS A

800 CoO 276 £ 47 0.485 £ 0.047 37£1.6 0.197 £ 0.043
800 Fe 213+ 16 0.623 £ 0.007 >20 0.51 £0.03
400 CoO 450 £ 130 0.54 +£0.02 not applicable 0

400 Fe 302 £ 135 0.18 £0.02 53+39 0.08 £0.02

anisotropy between Fe and CoO induced by the pump-
generated hot electrons in Fe [62]. Wust ef al. have
previously reported comparable findings for a below-
bandgap excitation of Pt/NiO bilayers [34]. According to
their findings, NiO can effectively demagnetize by an
800 nm laser pump when coated with a Pt layer.

To describe the demagnetization of the Fe/CoO bilayer
and the flow of energy between the layers, we model the
magnetization dynamics using an atomistic spin model
based on stochastic Landau-Lifshitz-Gilbert equations for
the spin degrees of freedom coupled to the respective
electron and phonon temperatures via Gilbert damping
parameters in both layers [35,67]. The Heisenberg
Hamiltonian for the spin degrees of freedom is

1

where J;; are the coupling constants and S; are unit vectors
along the direction of the magnetic moments of Fe or Co
atoms at lattice site i. For simplicity, we treat the system
as simple cubic, assume perfect stacking at the interface
and restrict the coupling to nearest neighbors, with the
coupling constants for CoO and Fe expressed as J;; =
+(kgTn/1.44) and J;; = (kgT./1.44) [36], respectively,
with Ty =293 K and 7. = 1043 K as the Néel and Curie
temperatures for CoO and Fe, respectively. The interfacial
coupling Jif is taken as a free parameter. The dynamics of
the magnetic moments are described using the stochastic
LLG equation [37-39],

Si=—Lisix (Hi+ &) + (s +al)si x S, (2)

1

(&i(ngi (1) = 2$k3(a?T? +a" T8t = 1), (3)

1

The first right-hand term in Eq. (2) is the precession torque
with gyromagnetic ratio y;, spin magnetic moment y;, and
¢ (1) representing thermal fluctuations to the effective field
H; = —0H/0dS; [38]. The second term is the damping

torque, where af and ali’h are the Gilbert damping constants
that couple the respective spin to the electron and phonon
subsystems. We assumed a homogeneous distribution of
both electron and phonon temperatures in each layer.

Furthermore, we took agz = 0, which is reasonable for
3d transition metals [40,41].

An energy-conserving temperature model is employed
that records the temperature evolution of the electrons (7')
in Fe and the phonons (7',) in Fe and CoO; see Fig. 3 and
SM [32]. Three energy transfer channels from the Fe to the
CoO layer with their respective parameters are considered,
as schematically depicted in Fig. 3: the interfacial exchange
interaction J'f between Fe and CoO spins and the interfacial
heat transfer coefficient that couples phonons between Fe

and CoO, foh_ph; in addition, we introduce a third energy
transfer channel by assuming that at the interface, the CoO
spins interact with the Fe electron subsystem, similar to
Ref. [34]. Within our simulations, this energy transfer,
which could stem, e.g., from s—d coupling at the interface
[68], was modeled as incoherent by using the temperature
of the Fe electrons in the evaluation of the thermal
fluctuations for the Co magnetic moments via Eq. (3),
with an associated damping coefficient af,_ .0 = &1 e
(see SM [32] for details). In doing so, the linear scaling of
Qfescoo With temperature means that the coupling peaks
strongly during the laser pulse (when the electronic temper-
ature reaches thousands of Kelvin). In the model, the
substrate only acts as a sink for the phononic energy

transport via the coupling constant G*'*" [32]. Induced
ferromagnetic Co moments at the Fe/CoO interface [33]
act together with the FM Fe layer. Any possible contribu-
tion of these to the interface coupling is included in the

phenomenological coupling parameters.

9 ML

9 ML

o T
@ O 5

FIG. 3. Representation of different subsystems of the Fe/CoO
bilayer on the Ag substrate (see text). The double-headed arrows
symbolize the interactions between the different subsystems
considered in the model with the solid ones describing the three
energy transfer channels from Fe to CoO.
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The simulations reveal that phononic and magnonic
contributions result only in relatively slow demagnetization
of the CoO sublattice magnetization of several picosec-
onds, and only the electronic channel leads to demagneti-
zation at a subpicosecond timescale [32]. This shows that
direct Fe electron—CoO spin coupling plays the dominant
role in quenching the CoO antiferromagnetic order
when pumped with 800 nm wavelength. By tuning the
free parameters of,, J7, aE};O, &, Gﬂh_p " and Gfil;;p " the
model can reproduce both the R-XMLD and R-XMCD data
simultaneously as depicted in Figs. 2(a) and 2(b) by dashed
lines. Tables SII and SIII of SM [32] present the parameters
used to create the lines in Fig. 2. From our model, we
speculate that such an ultrashort transfer of excitation could
also work between CoO and a nonmagnetic metallic layer.
A transfer of excitation from the Ag substrate to the CoO
layer, however, would be much less compared to the one
from the Fe layer, considering the absorption of the pump
pulse in the sample [32].

Implementing the same model, in which the CoO layer is
exclusively excited via energy transfer from the Fe layer, to
the 400 nm pump data resulted in significantly lower
demagnetization of CoO than experimentally observed.
Because of the relatively small demagnetization amplitude
of the Fe layer at 400 nm, see Fig. 2, the Co R-XMLD signal
would then reduce only by 10%—-15% compared to the
observed 80% [32]. We therefore have to consider a direct
excitation of the CoO layer by 400 nm photons, correspond-
ing to 3.1 eV photon energy, which is responsible for the
major part of the quench of AFM order in CoO when pumped
at 400 nm. At that wavelength, photons can excite electrons
from O 2p to Co 3d states, and spin transfer can occur
between adjacent Co sites due to the AFM alignment [30,62].

It is a priori not clear how to include such a direct
excitation of CoO into our model. One possibility, which we
implement here to demonstrate that the experimental data is
consistent with the excitation of the CoO layer, is to include
an electron temperature of CoO and a finite coupling of CoO
spins to CoO electrons, ag ., into the model described above
(see SM [32]). We use linearized electron heat capacities
Ctoo = 76001 ¢o0- although the Sommerfeld model of linear
electron heat capacity for metals may be an overestimation
for CoO, and a constant (temperature-independent) damp-
ing parameter a¢,o. By tuning the relevant parameters, we
can replicate the experimental results, as demonstrated in
Figs. 2(c) and 2(d). The parameters are presented in
Tables SII-SIV in SM [32]. We emphasize that this is only
one out of several possible scenarios to model the photo-
excitation of CoO, but it shows that such a direct excitation of
CoO by the laser pulse explains the experimental result, in
particular the larger demagnetization amplitude of CoO
compared to that of Fe.

In principle spin transport between the layers could also
be discussed as a possibility to explain the different
demagnetization amplitudes of CoO and Fe at 400 nm

pump. Kumberg et al. [25] suggest that magnetic FM/AFM
stacks with collinear spin axes can facilitate the entry of
minority spin currents into the FM and the transfer of
majority spins into the AFM layer, leading to its faster
demagnetization of the FM layer. However, this is in
contrast to the observed smaller Fe demagnetization
(Fig. 2) at 3.1 eV pump. For this, one would need to
assume a spin current with a preference for transferring
minority electrons from Fe into the CoO or spin-polarized
electrons from CoO to Fe with Fe majority spin. We thus
expect that spin transport between the layers does not play a
major role here.

The different demagnetization amplitudes of Fe at the two
different pump wavelengths could be due to a systematic
deviation of the pump intensity within the probe spot in the
two optical setups used for pumping from the nominally
identical fluences [32]. This would be in line with the
simulations, where we need to assume a three times lower
absorption per atom in the Fe layer in the case of 400-nm
excitation compared to 800-nm excitation to match the
experimental data [32]. We can also not fully exclude the
possibility that there is some other backaction of the CoO
layer on the Fe layer besides the AFM-FM exchange
coupling at the interface already included in our simulations
which reduces the Fe demagnetization amplitude.

Despite the absence of any need to dissipate angular
momentum, even at direct excitation of the CoO layer at
400 nm pump the CoO sublattice magnetization does not
demagnetize faster than the one of Fe and takes even slightly
longer than for CoO at 800 nm pump. The possibly longer
time constant of the CoO sublattice demagnetization at
400 nm pump compared to 800 nm pump could be related
to the different excitation mechanisms. The observed ultra-
fast transfer channel from Fe electrons to CoO spins at
800 nm pump obviously works on a time constant not
significantly longer than the one of the Fe demagnetization.
We speculate that, after direct electronic above-bandgap
excitation of the CoO layer at 400 nm pump, transfer to and
thermalization with the CoO spin system takes slightly
longer, with one reason being the presence of the band gap.

To conclude, using time-resolved XMLD in soft-x-ray
reflectivity with 120 fs temporal resolution, we observed
the ultrafast spin dynamics in CoO after excitation of an
Fe/CoO bilayer by 60 fs pulses of 800 and 400 nm
wavelengths on an element-resolved basis. This allows
for comparing it with the corresponding element- and time-
resolved R-XMCD of the Fe layer to investigate the
ultrafast AFM and FM demagnetizations and the interfacial
transfer of excitation between the AFM CoO and the FM Fe
layer. We find that CoO AFM and Fe FM orders demag-
netize similarly fast. Our atomistic spin-dynamics model
with stochastic LLG shows that energy transfer via the
coupling of hot Fe electrons to CoO spins is the primary
mechanism for the rapid quenching of CoO magnetic
moments on the order of 300 fs for excitation below the
band gap of CoO. The loss of AFM order in the CoO layer
is thus entirely due to energy transfer from the interface,
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which spreads with the time constant of 276 fs through the
entire 9-ML film of CoO. In the case of above-bandgap
excitation at 400 nm pump, the magnetic order in CoO
reduces much more than the one in Fe, which can only be
explained by considering the direct excitation of CoO
electrons at that wavelength. Including this in the atomistic
simulations describes the experimental observation at
400 nm pump. Our Letter further advocates that the
elemental resolution of R-XMLD makes it a promising
option for time-resolved magnetization research of AFMs
and AFM heterostructures and we expect that it will open a
new pathway for studying the ultrafast magnetization
dynamics in AFMs in the near future.
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