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Ferromagnetic metal alloys are today commonly used in spintronic and magnetic data storage
devices. These multi-compound structures consist of several magnetic sub-lattices exhibiting
both intrinsic and induced magnetic moments. Here, we study the response of the element-
specific magnetization dynamics for thin film systems based on purely intrinsic (CoFeB) and
partially induced (FePt) magnetic moments using extreme ultraviolet pulses from high-
harmonic generation (HHG) as an element-sensitive probe. In FePt, on the one hand, we
observe an identical normalized magnetization for Fe and Pt throughout both the ultrafast
demagnetization and the subsequent remagnetization. On the other hand, Co and Fe show a
clear difference in the asymptotic limit of the remagnetization process in CoFeB, which is
supported by calculations for the temperature dependent behavior of the equilibrium

magnetization using a dynamic spin model. Thus, in this work, we provide a vital step towards



a comprehensive understanding of ultrafast light-induced magnetization dynamics in

ferromagnetic alloys with sub-lattices of intrinsic and induced magnetic moments.

Introduction:

Ferromagnetic alloys are important constituents of current magnetic and spintronic devices. Our
understanding of the thermal magnetic properties of these alloys often rests upon the
assumption that thermal excitations can be understood in terms of a Heisenberg-type model,
where the atomic magnetic moments are considered rigid in magnitude, and therefore thermal
excitation appears in form of magnons. The assumption that magnetic moments are constant in
magnitude is often a good approximation [1], in particular for elemental ferromagnets. The
situation is far more complex for ferromagnetic alloys where magnetic moments are located on
different (elemental) sub-lattices. In many cases, the magnetic moments of the individual sub-
lattices are intrinsic properties of the corresponding atoms of an alloy. However, in other cases,
the magnetic moments of at least one of the elemental constituents are induced by the exchange
field of the surrounding atoms [2-7], i.e., the magnitude and orientation of induced magnetic
moments is determined by the other sub-lattices.

To design novel materials for ultrafast spintronic applications, it is therefore crucial to
investigate how the nature of the atomic magnetic moments (intrinsic vs. induced) influences
the ultrafast magnetization dynamics in magnetic alloy structures. To date, only a few element-
specific studies of ferromagnetic (such as NiPd [8], CoPd [9] and FeNi [9, 10]) and
ferrimagnetic alloys (such as FeGd [11] and DyCos [9]) have been reported. While these
investigations revealed surprisingly strong sub-lattice-specific magnetization dynamics, they
only focused on alloys with intrinsic magnetic moments on both sub-lattices. This naturally
raises the intriguing question if a similar sub-lattice-specific behavior can also be observed for
ferromagnetic alloys with induced magnetic moments on one sub-lattice. The main reason for
the limited experimental studies reported thus far is the significant experimental challenge of
measuring element-specific magnetic dynamics on femtosecond timescales.

One solution for addressing this challenge is to use photon energies that are resonant with
distinct atomic absorption edges as a probe, which provide enhanced element-sensitive
magnetic contrast. Most commonly, photon energies at the L-absorption edges of the magnetic
materials (available at synchrotrons or free electron laser facilities) can be used to perform x-
ray magnetic circular dichroism (XMCD) and x-ray diffraction experiments [12—14]. More

recently, photons in the extreme UV region generated by high harmonic generation (HHG) can



enable ultrafast transversal magneto-optical Kerr effect (TMOKE) or circular dichroism [10,
15-18] measurements at the M-absorption edges.

In this work, we utilize the HHG-TMOKE approach to investigate the technologically
important ferromagnetic alloys CoFeB [19-22] and FePt [3, 4, 23-26]. These materials
represent model systems with either purely intrinsic magnetic moments on the magnetic sub-
lattices (Co and Fe sites of CoFeB) or with induced magnetic moments on one magnetic sub-
lattice (Pt site of FePt). We investigate both the demagnetization as well as the remagnetization
process for both systems. Most interestingly, we observe a distinct, element-specific
remagnetization behavior for the CoFeB alloy, whereas no such behavior is found for the
magnetic moments in FePt. We connect this behavior to the temperature dependence of the
equilibrium magnetization obtained via an atomistic spin model, which strongly suggests a

thermal origin for this effect.

Experimental Details: Sample Systems and Experimental Setup

We investigated two polycrystalline CoFeB samples (CosoFe20B20) with a film thickness of 5
nm deposited by magnetron sputtering at room temperature on two different insulating oxide
surfaces with different thermal conductivity: SiO, and CoNiO/Si0O;. Both samples were capped
with a 2 nm thick Ta layer to prevent oxidation. As CoNiO is antiferromagnetic, we do not
observe a magnetic signal in HHG-TMOKE from this layer. The 5 nm thick FePt sample was
also prepared by magnetron sputtering at room temperature on an oxidized Si(100) substrate
without using a capping layer. The FePt film is polycrystalline and exhibits the chemically
disordered fcc structure (A1 phase).

In our pump-probe experiments, we used an infrared pump beam with a central wavelength of
780 nm, a repetition rate of 6 kHz and a full width at half maximum (FWHM) of ~30 fs to
optically excite the electronic system of our samples. For both CoFeB samples, we used a laser
fluence of 5.0 mJ/cm? to obtain a magnetization quenching of ~25%. This value was determined
at the sample position and hence only reflects the photon density irradiated onto the sample
surface. For FePt, about the same quenching is achieved for a fluence of 0.6 mJ/cm? indicating
a similar amount of absorbed energy in the material. The different fluence required for the same
reduction of magnetization of FePt and CoFeB is most likely due to a different reflectivity of
both samples and the much higher spin flip scattering rate of FePt compared to CoFeB leading
to a much more efficient demagnetization process of FePt compared to CoFeB [16, 27, 28]. To
probe the magnetization dynamics, we employ extreme ultraviolet (XUV) light in the range of

30 eV to 70 eV generated by HHG in a neon-filled hollow waveguide [29, 30]



To extract magnetic information in the experiment, we measure the spectrally resolved reflected

intensities I+ and I. with two opposing external magnetic fields being applied alternately.

L= a5 depicted for CoFeB in
I+ I

Subsequently, we calculate the magnetic asymmetry by 4 =

Fig. 1(a). Notably, the magnetic asymmetry is resonantly enhanced close to the M> ; absorption
edges (Fe: ~52 eV, Co: ~59 eV) enabling us to simultaneously probe the magnetic responses

assigned to both elements.

Experimental Results

We first consider the optically induced magnetization dynamics for CoFeB/CoNiO as a typical
model system for a ferromagnetic alloy with intrinsic magnetic moments on both Co and Fe
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Figure 1: a) Reflected intensity for two opposite magnetization directions (green and purple lines) and
corresponding magnetic asymmetry of CoFeB/CoNiO/SiOz (black line). The shaded areas are integrated for
each time delay to create the dynamical traces. b) & c) Ultrafast demagnetization and remagnetization dynamics
of Co and Fe. The straight lines are exponential guides to the eye. After initially demagnetizing with the same
rate and amplitude (b) the remagnetization in Co is much stronger (c). This is due to a stronger exchange field
of Co leading to a higher relative magnetization at the same temperature. (d) Typical three temperature
calculation for Fe revealing three different time scales during the demagnetization: (I) Heating of the spin system
by the electrons, (II) equilibration between electron spins and phonons, and (III) heat exchange with the
environment (e.g. the substrate).



sites. The corresponding magnetization traces on a timescale of 1 ps and 140 ps are shown in
Fig. 1b and Ic, respectively. They were obtained by numerical integration of the asymmetry in
the colored shaded energy regions in Fig. 1a. These energy regions were chosen to minimize
the overlap between the absorption edge signals of the Fe and Co sub-lattice which was
determined to be smaller than 2%.

Right after the optical excitation, both magnetic sub-lattices demagnetize almost
simultaneously and we observe a slight deviation of the transient magnetization dynamics of
Fe and Co which is still within our experimental uncertainty. Small differences in the ultrafast
magnetization dynamics right after the optical excitation have already been reported previously.
For a Ni-Fe alloy with intrinsic magnetic moments on both sublattices, past work observed a =
20 — 80 fs time lag between Fe and Ni in a pure and Cu-diluted FeNi ferromagnetic alloy [10].
The remagnetization process starts approx. after 500 fs, i.e., after the maximum level of
demagnetization was reached. Interestingly, we observe clearly a different asymptotic behavior
in the remagnetization process for Fe and Co as shown in Fig. lc.

A qualitative explanation of the different regimes passing through during the de- and
remagnetization process can be derived from the microscopic three temperature model (M3TM,
see Fig. 1d) [31], which describes the exchange of energy and angular momentum between the
subsystems of electrons, spins, and lattice: throughout the demagnetization the spin system is
efficiently heated during the first few hundred femtoseconds by energy transfer from the
electron system (regime I). Subsequently, the electron, spin, and phonon systems equilibrate
within 0.5 ps to 5 ps resulting in a cooling process and consequently in a magnetization increase
(regime II). On longer timescales this cooling process of all systems continues via a slow heat
exchange with the environment, for instance, with a substrate or buffer layer (regime III). A
comparison with a measurement of CoFeB deposited directly on the insulating SiO- substrate
with comparable quenching (see Fig. 2b) reveals very similar dynamics: within the larger error
bars, the demagnetization is again overlapping while the asymptotic limit in the remagnetization
for Co and Fe differs. Notably, the normalized asymptotic values are smaller for CoFeB/Si02
compared to CoFeB/CoNiO/SiO> suggesting a dependence of this dynamics on the thermal
conductivity of the film underneath the CoFeB. This is expected to be quite different for these

two samples, as will be discussed later.

We now turn to FePt on SiO.. Here, the magnetic moments on the Pt sites are induced by the
exchange field of the intrinsic moments on the surrounding Fe sites [3, 4, 32-34]. Figure 2b,c

show the element-specific demagnetization and relaxation dynamics of FePt on SiO; for a
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Figure 2: a) Ultrafast demagnetization and relaxation of CoFeB/SiO.. Compared to the case of

CoFeB/CoNiO/SiOz (see Fig. 1c) the remagnetization amplitude is smaller. Panel b) shows the static asymmetry

of the FePt sample with clearly distinguishable Fe and Pt signals. Panels c,d) illustrate the transient

demagnetization and remagnetization traces of FePt/SiOzon a 1 ps (c) and 140 ps (d) timescale. The induced

moment of Pt follows the behavior of Fe in contrast to the reaction of the intrinsic moments in CoFeB (a).
similar maximum quenching as for the CoFeB samples. On short timescales right after the
optical excitation, we again observe an identical magnetization dynamics for Fe and Pt, in
accordance to our findings for CoFeB. In addition, this behavior also agrees with the ultrafast
element specific magnetization dynamics of a Pt/Co/Pt multilayer film [16] for which the
magnetic moments of the Pt layers are induced by the Co layer. Crucially, the element-resolved
data reveal equal de- and remagnetization amplitudes for Fe and Pt, in contrast to the CoFeB

case with intrinsic magnetic moments. The magnetization dynamics of the induced Pt moments

hence follows the dynamics of the Fe sites throughout the measurement



Localized Spin Model Simulations and Discussion:

In the following section, we will discuss our results within the framework of a localized spin
model. We focus on the most interesting difference in the spin dynamics of FePt and CoFeB,
namely the distinct, element-specific remagnetization behavior for the magnetic heterostructure
CoFeB/CoNiO which was not observed for FePt. The magnetization of the Pt sub-lattice is
always proportional to that of the Fe sub-lattice.

The explanation for the equal de- and remagnetization amplitudes for FePt is straightforward:
since the magnetic moment in Pt is induced by the exchange field of the surrounding Fe atoms
[4], the Pt magnetization naturally follows the magnetization of the Fe sub-lattice. Mryasov et
al. [4] calculated the exchange field of a fully polarized Fe sub-lattice acting on a Pt moment
from ab-initio methods as 27.3 meV. While the Pt-Pt exchange is practically zero, the induced
Pt moment turned out to be proportional to the Fe-Pt exchange field. The calculated energy
scale corresponds to a timescale of about 240 fs, where distinct dynamics could occur. Below
this timescale, we cannot exclude distinct dynamics of the Fe and Pt sub-lattices hidden in the
experimental uncertainty of our data.

The explanation for the unequal asymptotic remagnetization amplitude (Co 93 + 1% and Fe 84
+ 1% for CoFeB/CoNiO) for the systems with intrinsic moments on all sub-lattices is more
challenging. The different remagnetization amplitudes seem to suggest that the spin systems of
Co and Fe are not in equilibrium during the recovery process, associated with more efficient
cooling of the Co system. This indicates either a different electron-phonon coupling or a
different spin-flip probability on the Co and Fe sites. However, the relaxation process for both
sub-lattices slows down rapidly after ~20 ps suggesting a global equilibrium of all spins,
electrons, and phonons. In particular, this also implies that the spin systems are already
equilibrated. Therefore, the different asymptotic behavior directly points to a different
temperature behavior of the equilibrium magnetization for the two constituents of the alloy.
Indeed, this was already theoretically predicted for the case of Ni and Fe in permalloy by Hinzke
etal. [1].

Accordingly, we performed calculations for Co and Fe using atomistic spin model simulations
[1, 35]. We have carried out simulations for an fcc lattice with 60 % Co, 20 % Fe, and 20 % B
atoms placed randomly on the lattice sites. We consider classical spins §¢ = u{/u;, where u§
represents the magnetic moment of either Co (u° = 1.75 pup) or Fe (uf® = 2.6 ug) [36],
depending on the lattice site. B atoms are represented by null spins on the lattice (§7 = 0). The

spin Hamiltonian for the unitary vectors S is given by
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where the first term represents the exchange interaction and the second term indicates the
dipolar interaction. y, is the vacuum permeability and r;; is the distance between spins. J;;
represents the exchange interaction matrix, which we consider different from zero only for
nearest neighbors. Note that J;; = Jre—res Jco-co OF Jre—co depending on the kind of neighbor.
In particular, we used J2_r, = 5.05 mRy [36], J2,_c, = 15.63 mRy [37] and J2e_co =
7.01 mRy. This latter value is obtained by fitting with the experimental data. The lattice
constant is set to a = 0.368 nm, as used in the calculation of the exchange integrals of fcc Fe
[36].

Within this choice of the exchange integrals, we obtained a Curie temperature of T ~ 700 K,
in agreement with experimental results for similar, not-annealed CoFeB samples [38].

The temporal evolution of the spin system is obtained by solving the stochastic Landau-

Lifshitz-Gilbert (LLG) equation for each spin:

ds; Ye

2 = e Si X Hit A(Si x H)L @

where y, and A, represent the gyromagnetic ratio and the damping parameters of the two sub-

lattices, respectively. The effective field H; is givenby H; = — % + {;(t), where {; represents

a stochastic field with properties:

2kpT.A

(Gi(t)) =0, (Cin(0)j0(t)) = —f"f&,énga(t), (3)

where kjp is the Boltzmann constant and T, is the electron temperature. Here, i, j denote lattice
sites while 1, 8 denotes Cartesian components. Details about the algorithms used to solve Eq.
(2) are described in Ref. [35].

The dynamics of the electron and phonon temperatures is calculated by means of a two
temperature model [39, 40], described by Eq. (4) and (5), which allows us to separate electron

(T,) from lattice (T;) temperatures:
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YeT. and C; represent the electron and lattice heat capacity, respectively, while g, is the
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Figure 3: a) Normalized element-specific zero-field equilibrium magnetization of either Co and Fe as a function
of temperature calculated by atomistic spin dynamics. For all temperatures Co has a higher relative magnetization
than Fe matching the experimental results. For comparison, the calculated saturation magnetization of Co is 781
kA/m, the one of Fe 387 kA/m. b) Simulations of the de- and remagnetization of Co and Fe compared to the
guide lines of Fig. 2a. The transition from a uniform demagnetization to an independent remagnetization is well
reproduced.

electron-phonon coupling constant. k, = k3T, /T; is the electron thermal conductivity and
P(t,z) = aAFg(t)e™* is the absorbed power per unit volume. « is the optical penetration
depth, A is the absorbed power, and F is the fluence of the laser. g(t) represents a Gaussian
function with FWHM = 30 fs describing the temporal profile of the laser pulse. We used thermal
parameters calculated for Co [40]. The optical penetration depth for a laser wavelength of 780
nm is a~! ~ 13 nm [41]. We set the fluence to the experimental value (F = 5 mJ/cm?) and
we use the absorbed power A and the damping A€ as free parameters. We consider a system of
32 x 32 x 32 spins and simulate the temperature and magnetization dynamics by solving Eq.
(2),(4), and (5), simultaneously.

The results are shown in Fig. 3 for A, = Ap, = 0.004 and A = 17.5 %. Note that the damping
parameter A is in agreement with the experimental results for bulk CoFeB [42]. Figure 3a
represents the equilibrium magnetization of each sub-lattice as function of temperature
normalized to the value at T, = 300 K. Despite the common Curie temperature (T ~ 700 K),
the equilibrium magnetization can be different below T,. Figure 3b represents the temperature
and magnetization dynamics compared to the experimental results marked by the guide lines

taken from Fig. 2a. The magnetization dynamics is obtained by averaging over five stochastic



realizations. The agreement to the experimental data is remarkably good, especially if we
consider the uncertainty on the exchange and thermal parameters. The general trend is indeed
intuitive since Co has a stronger exchange field, leading to a stronger Co-Co interaction and a
smaller disorder for low temperatures. This correlation between a stronger exchange field and
a larger equilibrium magnetization was already demonstrated for bulk and surface states by
Stampanoni et al. [43] using spin-resolved photoemission.

The explanation for the different normalized asymptotic limits during the remagnetization
process is supported by our results of CoFeB deposited on SiO> and CoNiO with different
thermal conductivity. For the case of CoFeB/SiO; (see Fig. 2a) these asymptotic values are
smaller compared to the case of CoFeB/CoNiO/SiO; (Fig. 1c) since the thermal conductivity
of Si0; is about an order of magnitude smaller than that of ferromagnet-oxides [44, 45], i.e.,
CoNiO, acting as a more efficient heat sink. Thus, for SiO,, the spin, phonon, and electron
systems of both Fe and Co equilibrate to a higher temperature in the observed time frame of
140 ps resulting in a smaller magnetization. Our findings hence show that the asymptotic values
of the remagnetization process are determined by the different temperature dependence of the

equilibrium magnetization of both magnetic sub-lattices in CoFeB.

Conclusion:

In conclusion, we used time-resolved HHG-TMOKE to study the de- and remagnetization
dynamics of magnetic constituents in ferromagnetic alloys for the cases of intrinsic and induced
magnetic moments on the individual sub-lattices. On the one hand for FePt, the Pt moment
induced by the Pt-Fe exchange lacks a direct Pt-Pt exchange interaction, and consequently, its
magnetization always follows that of Fe. Therefore, their relative dynamics match during both
the demagnetization and remagnetization process. In contrast, CoFeB as a representative for a
ferromagnetic alloy with intrinsic magnetic moments shows approximately identical
demagnetization for Co and Fe, while the normalized remagnetization amplitudes clearly differ.
This behavior is caused by the different exchange constants for the Co-Co and Fe-Fe-
interactions, resulting in an element-specific temperature dependence of the equilibrium
magnetizations of the two sub-lattices. Thus, even though the two respective spin systems
converge towards a common equilibrium temperature during the relaxation process, the relative
magnetization follows a distinct trend. Calculations using atomistic spin model simulations
support this argument matching the temporal evolution for Co and Fe. We believe that these
findings are of general nature and can be extended to a variety of magnetic alloys, which can

accordingly be separated into two classes, those with either induced or intrinsic magnetization



dynamics. Hence, this work has a significant impact for fundamental studies on ultrafast
magnetization dynamics in magnetic alloys, which are crucial for the development of faster

next-generation spintronic devices.
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