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Atom-specific magnon-driven ultrafast spin dynamics in Fe1−xNix alloys
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By employing element-specific spectroscopy in the ultrafast time scale in Fe1−xNix alloys, we find a
composition-dependent effect in the demagnetization that we relate to electron-magnon scattering and changes in
the spin-wave stiffness. In all six measured alloys of different composition, the demagnetization of Ni compared
to Fe exhibits a delay, an effect which we find is inherent in alloys but not in elemental Fe and Ni. Using a
model based on electron-magnon scattering, we extract a spin-wave stiffness from all alloys that show excellent
agreement with values obtained from other techniques.
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Since the first observation of ultrafast magnetization
quenching in Ni [1], a central topic has been to under-
stand the possible channels of angular momentum dissipation
from the spin system. Several theoretical models have been
employed along with numerous experimental techniques
[2–6]. Elliott-Yafet (EY) spin-flip processes through electron-
phonon scattering can transfer the angular momentum from
the spin to the lattice via the spin-orbit interaction, which is of-
ten used to describe ultrafast demagnetization [7–11]. Several
recent studies, by means of femtosecond x-ray photoemission
and x-ray and electron diffraction [12–14], have investigated
ultrafast phonon dynamics, and it was found that the major
part of the lost angular momentum from the spin system is
transferred to the lattice on subpicosecond time scales. How-
ever, attempts of calculation to estimate the demagnetization
rate on the basis of electron-phonon scattering [15–19] were
unsuccessful in reproducing the large demagnetization ob-
served experimentally.

Carpene et al. [9] argued that the demagnetization is de-
termined by magnon emission, where the electron-magnon
scattering can transfer angular momentum from the spin to
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the orbital magnetic moment, which is immediately quenched
by the crystal field. However, it was found that the calcu-
lated demagnetization rate for Fe and Ni, when considering
only magnon emission, is too small compared to the ex-
perimental values [18]. Haag et al. [20] suggested that
neither electron scattering from phonons nor electron scat-
tering from magnons can independently explain experimental
demagnetization rates, while a combination of both processes
could. Some reports also provide indirect evidence of ultra-
fast magnon emission [21–27], while the role of magnons
for the efficiency of ultrafast demagnetization was not
addressed.

With the development of tabletop extreme ultraviolet
(XUV) sources with pulse durations of <30 fs, in-house
investigations of element-selective magnetization dynamics
have become possible [28–30]. The elemental specificity
can be used for separating the dynamical response of con-
stituents in alloys or in layered magnetic structures. Further,
the ability of simultaneously accessing the response of dif-
ferent constituents provides additional information on the
involved mechanism in the microscopic processes, such as
interatomic and interlayer exchange interaction. In Ref. [28],
element-resolved measurements of demagnetization dynam-
ics in permalloy (Py) revealed a delay in the onset of Ni
demagnetization relative to that of Fe. This finding has later
been confirmed by us and others [29,30]. Recently, the delay
was also found between Fe and Ni at the L edges in the soft
x-ray regime [31]. Furthermore, when Py was alloyed with
40% Cu, it was found that the observed delay increased by a
factor inversely proportional to the exchange interaction. On
the basis of these results, the authors of Ref. [28] hypothesize
the role of the exchange interaction in the observed delay
by assuming that the Fe sublattice participates in the direct
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demagnetization process while Ni demagnetizes through the
exchange interaction with Fe.

In this Letter, we present measurements of the element-
specific demagnetization in a series of Fe1−xNix alloys with
six different compositions. A composition-dependent varia-
tion in the relative delay between the onset of the Fe and
Ni demagnetization is observed. The relative delay is found
to follow the trend of the inverse of Curie temperature. The
experimental demagnetization is fitted using a model describ-
ing preferential magnon scattering in the Fe sublattice which
provides values for the spin wave stiffness (Dspin) in each alloy
composition [32]. The Dspin values extracted from the fits
correspond well to calculated ab initio values, values derived
from the Bloch T3/2 law, and values of the exchange stiffness
obtained from neutron scattering [33].

Samples with the geometry Si(substrate)/Ta(2 nm)/Fe1−x

Nix(20 nm)/Ta(2 nm) and with nominal concentrations of x =
0.0, 0.2, 0.3, 0.4, 0.6, 0.7, 0.8, 1.0 were produced by mag-
netron sputtering. Rutherford backscattering spectrometry
was performed to determine the actual compositions and
thicknesses of the alloy layer. The concentrations were de-
termined to be 20%, 30%, 36%, 58%, 68%, and 78% Ni.
The thickness of the FeNi alloy layer was determined to
17.5 ± 0.9 nm. All the samples were characterized by x-ray
diffraction (XRD) [see the Supplemental Material (SM) [34]
and Refs. [35,36] therein). XRD confirms a single phase for
all samples, with body-centered-cubic (bcc) structures for x =
0.0, 0.2, 0.3, 0.36 and face-centered-cubic (fcc) structures for
x = 0.58, 0.68, 0.78, 1.0.

The theoretical spin wave stiffness [37] is obtained in terms
of total exchange constant J0 j , obtained from first-principles
calculations (see SM [34] and Refs. [38,39] therein)

Dspin = limη→0D(η)

= 2μB

3M

∑

0<R0 j<Rmax

J0 jR
2
0 jexp(−ηR0 j/a) (1)

implemented in the Uppsala atomistic spin dynamics code
(UppASD) [40]. In Eq. (1), R0 j = |R0 j | denotes the distance
between atomic sites. Rmax denotes the radius cutoff that was
chosen large enough to converge, M is the average magnetic
moment, a is the lattice parameter, and η is a parameter to
ensure the convergence of the sum.

Our experimental setup for studying ultrafast demagneti-
zation consists of a femtosecond near-infrared (NIR) laser
(800 nm, 35 fs, 0.8 mJ, 10 KHz), where 80% of the light is
focused into a He-filled gas cell for high harmonic generation
(HHG). This produces ultrashort XUV pulses that retain the
polarization and coherence of the driving NIR [41]. The gen-
erated p-polarized XUV pulses, with energies ranging from 40
to 72 eV, are focused on the sample at an incidence angle of
45◦. A grating spectrometer spectrally resolves the reflected
XUV on a position sensitive multichannel plate detector [see
resulting spectra in Fig. 1(a)]. The high-energy cutoff is due
to an Al filter after the gas cell that reflects the NIR and
only transmits XUV energies below 72 eV. The magnetiza-
tion is probed in the transverse magneto-optical Kerr effect
(T-MOKE) geometry by calculating the asymmetry parameter
[A(E )], defined as the normalized difference spectrum of the
reflected intensities [I±

p (E )] measured for opposite magnetic
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FIG. 1. (a) Reflected XUV spectra collected for two opposite
in-plane magnetization directions for a nondemagnetized state of
Fe0.22Ni0.78. (b) Asymmetry spectrum obtained from (a).

field directions, applied parallel to the sample surface and
perpendicular to the plane of the incidence,

A(E ) = I+
p (E ) − I−

p (E )

I+
p (E ) + I−

p (E )
, (2)

where E is the photon energy of the XUV. A fraction of the
remaining 800 nm light of the laser is used as a pump-pulse for
demagnetizing the sample. Since the pump and probe pulses
originate from the same initial laser pulse, the temporal jitter
is practically eliminated. An optical delay stage is used to
introduce a controllable delay between the NIR pump and the
XUV probe. The experimental setup is described in detail in
Refs. [42], [30], and [43].

Typical reflectivity spectra are shown in Fig. 1(a), ob-
tained with two opposite magnetization directions for Py
(Fe0.22Ni0.78). The odd harmonics are well separated from
each other by 3.1 eV, so the asymmetry can be measured
as a function of harmonic energy without ambiguity. The
corresponding asymmetry spectrum is shown in Fig. 1(b). The
asymmetry is strongly enhanced near 54 and 66 eV, corre-
sponding to the Fe and Ni M2,3 absorption edges, respectively.
Since to a first-order approximation the asymmetry is propor-
tional to the magnetization [44], the elemental magnetization
can be obtained from the asymmetry at the absorption edges.
The simultaneous recording of the whole spectrum enables
detecting relative dynamics between the elements without
experimental artifacts from jitter and drift. Pump-probe mea-
surements were performed for all samples. In Figs. 2(a) and
2(b), the normalized asymmetry at the Fe and Ni M2,3 edges
are plotted as a function of delay between the pump and
probe for two compositions (other compositions are presented
in the SM). All compositions display a delay in the onset
of Ni demagnetization relative to Fe. The pump fluence was
maintained such that the maximum demagnetization is about
30%–40% for all samples. The delayed response of Ni rel-
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bcc fcc

FIG. 2. Asymmetry obtained at Fe M2,3 (∼54 eV) and Ni M2,3

(∼66 eV) edges are plotted (red circles for Fe and blue squares for
Ni) with the pump-probe delay in (a) and (b) for compositions x
= 0.78 and 0.36, respectively. The lines through the experimental
data points are the fitted curves using the magnon diffusion model.
(c) The inverse transition temperature [45] and the extracted delay
in Ni demagnetization relative to that of Fe are plotted versus the
compositional variation.

ative to Fe (Fe-Ni delay) is quantified by shifting the Fe
demagnetization and calculating the root mean square (RMS)
of the difference between Fe and Ni demagnetizations. The
shift that provides the lowest RMS, within a 150-fs win-
dow around the onset of the demagnetization is given as
the Fe-Ni delay. The results are shown in Fig. 2(c) for the
different compositions. For a Ni concentration of 78% the
delay is 19 fs, which is close to what has been reported in
earlier studies [28,30] for Py. Starting from a high Ni con-
centration, the delay first shows an increase, peaks around
40% Ni, and then decreases for lower Ni concentrations.
The inverse of the calculated Curie temperature [45] is plot-
ted along the compositions on the right axis of Fig. 2(c),
indicating a correlation between the average exchange in-
teraction of the samples and the Fe-Ni delay. In order to
eliminate any delay resulting from artifacts, we have simul-
taneously measured the demagnetization of elemental Fe and
Ni in a reference sample. The reference sample consisting
of elemental Fe and Ni grown on the same substrate ex-
hibits no delayed demagnetization response, unambiguously
proving that the observed effect is a consequence of alloy-

ing (see SM [34]). This result agrees qualitatively with the
strength of the exchange interaction in Fe1−xNix alloys as
discussed in Ref. [28]. However, a quantitative correlation
between the delay and any material parameter is absent as
the microscopic mechanism that is involved in the angular
momentum transfer during the ultrafast demagnetization is
lacking.

The delayed response in the Ni sublattice in Cu-permalloy
system is explained by ultrafast magnon generation that oc-
curs predominantly in the Fe sublattice by Knut et al. [32].
The spatially inhomogeneous magnon distribution, at short
timescales, would diffuse and increase the magnon population
in the Ni sublattice at longer timescales. This would be mani-
fested as a delayed demagnetization in the Ni sublattice. Note
that the demagnetization is still driven by other processes,
such as EY-spin flips, since the magnon generation is con-
sidered to be primarily spin conserving. In Figs. 2(a) and 2(b)
the solid lines represent fits using this magnon diffusion model
[32]. In this model, the inhomogeneous magnon distribution is
generated by a nonuniform exchange scattering, mediated by
the sd-exchange interaction (Jsd

Fe,Ni). The spatial distribution
of the magnon amplitude is determined by the Hamilto-
nian, H = H0 + H1, where H0 = −2

∑
i< j Ji jSi · S j , is the

exchange interaction between the atomic sites i and j, and
H1 = −2

∑
j Jsd

j si · S j accounts for the element-dependent
exchange interaction between the free (s) and localized (Sj)
spins. The solution of the Hamiltonian results in a magnon
probability distribution that is proportional to the square of
the sd-exchange interaction (Jsd

Fe,Ni) and hence it is spatially
inhomogeneous at time zero according to the Fe, Ni distri-
bution. The time evolution is then obtained by introducing the
magnon dispersion relation ω(k) = 2Dspin(1 − cos(k.L))/h̄L2

(Dspin is the spin wave stiffness, k is the wave vector, and L is
the lattice parameter) in the phase of the Fourier components
of the spatially inhomogeneous amplitude. The time evolution
should mainly be determined by the time it takes for a magnon
to diffuse from one atom to its nearest neighbors, which is
determined by the shortest distance between the atoms and
the spin wave stiffness. Since the nearest-neighbor distance
for bcc Fe (0.2482 nm) and fcc Ni (0.2495 nm) is almost the
same, the bcc-to-fcc transition should have no effect in this
model. Here, we assume that the ratio of exchange scattering
is independent of the Ni concentration and use the value of
Jsd

Fe /Jsd
Ni = 2.2 for all samples. Note that a ratio of 1 would

result in a homogenous magnon distribution, with no delayed
demagnetization of Ni. All other parameters are the same as
used for Py in Ref. [32]. Since Jsd

Fe /Jsd
Ni is kept fixed, the only

free parameter that directly affects the delayed demagnetiza-
tion of Ni is the spin wave stiffness (Dspin). In Fig. 3, the
fitted value of the spin wave stiffness (solid blue squares) is
plotted versus the Ni concentration together with reference
data obtained from neutron scattering experiments (solid red
circles) [33]. Furthermore, the spin-wave stiffness was also
extracted from the temperature-dependent saturation magne-
tization ms(T ) (black circles) by fitting to the Bloch T 3/2 law;
[ms(0) − ms(T )] ∝ (kBT/Dspin )3/2 in the temperature range
of 10–150 K, where T is temperature and kB is Boltzmann
constant. For details see the SM [34] and Ref. [46]. Finally, we
also show ab initio calculated values of the spin-wave stiffness
(green squares). The derived values of Dspin from the simula-
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FIG. 3. Spin wave stiffness obtained from the element specific
demagnetization curves, saturation magnetization, theoretical calcu-
lation, and neutron scattering results [33] are plotted with the Ni
concentrations in Fe1−xNix alloy.

tion of inhomogeneous magnon scattering are similar to the
values obtained by other methods. Strikingly, the general trend
of Dspin is similar for all the different methods of extracting
the spin-wave stiffness. It is clear that the spin-wave stiffness
decreases when pure Ni is alloyed with Fe. The minimum
value is observed around the bcc-to-fcc phase transition (35%
Ni) [47], after which it increases for higher Fe concentrations.
Note that the fixed value of Jsd

Fe /Jsd
Ni = 2.2 was chosen to pro-

vide a reasonable correspondence to neutron scattering data
for Py, however, there was no adjustable parameter for the
other alloy concentrations. The calculated magnon scattering

rate in Fe by Haag et al. [20] is an order of magnitude higher
than in Ni, suggesting that the ratio of 2.2 in Fe-Ni alloys is a
reasonable value.

In conclusion, element-specific demagnetization dynamics
in Fe1−xNix alloys were measured using the time-resolved
T-MOKE technique with ultrashort XUV pulses. A delay in
the onset of the Ni demagnetization, relative to that of Fe, was
observed for all studied compositions. This delay is inherent
to Fe-Ni alloys, and is not observed for elemental Fe and Ni.
The delay was found to be correlated with the inverse of the
Curie temperature across the whole compositions range. We
find that the Fe and Ni demagnetizations are well described by
an ultrafast inhomogeneous magnon scattering. By adopting
a higher magnon generation rate at Fe sites compared to Ni
sites, we extract the spin-wave stiffness for all compositions
which are in excellent agreement with the values obtained
from neutron scattering measurement, static magnetization
data, and ab initio calculations.
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