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Ultrafast optically induced spin transfer

in ferromagnetic alloys

M. Hofherr'?, S. Hauser', J. K. Dewhurst?, P. Tengdin®, S. Sakshath’, H. T. Nembach*>,
S. T. Weber', J. M. Shaw®, T. J. Silva®, H. C. Kapteyn®*, M. Cinchetti®, B. Rethfeld', M. M. Murnane?,
D. Steil’, B. Stadtmiiller'?, S. Sharma®, M. Aeschlimann’, S. Mathias”*

The vision of using light to manipulate electronic and spin excitations in materials on their fundamental time and
length scales requires new approaches in experiment and theory to observe and understand these excitations.
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The ultimate speed limit for all-optical manipulation requires control schemes for which the electronic or magnetic
subsystems of the materials are coherently manipulated on the time scale of the laser excitation pulse. In our
work, we provide experimental evidence of such a direct, ultrafast, and coherent spin transfer between two mag-
netic subsystems of an alloy of Fe and Ni. Our experimental findings are fully supported by time-dependent den-
sity functional theory simulations and, hence, suggest the possibility of coherently controlling spin dynamics on
subfemtosecond time scales, i.e., the birth of the research area of attomagnetism.

INTRODUCTION

Next-generation quantum materials will make it possible to surpass
the speed and efficiency limits of current devices to generate faster,
smaller, and more energy-efficient technological implementations (1-8).
A promising approach to enhance data processing speed is to use ever
shorter external stimuli for the manipulation and control of the state
of matter. In this context, light represents the fastest means to alter
the state of a material since laser pulses can now be generated with
extremely short temporal duration down to a few tens of attoseconds.
Visible lasers can deliver pulses with few-femtosecond durations that
can be used to excite matter, while attosecond pulses can be generated
in the extreme ultraviolet (EUV) and soft x-ray regions to probe the
resulting dynamics (9-12). When combined with advanced spectros-
copies, these new light sources are enabling comprehensive views into
the fastest light-induced charge and spin dynamics in materials, on
femtosecond to attosecond time scales. However, we are still far
from understanding the basic light-matter interaction process itself
that could, in principle, be used to directly manipulate the state of a
material, particularly in strongly coupled systems (13-15).

Within a wide class of strongly coupled materials, magnetic systems
are especially appealing from a technological point of view because
new ultrafast control schemes have the potential to pave the way
toward next-generation devices that can surpass the gigahertz operation
speed of current devices. This quest toward ultrafast spintronics has
simultaneously unearthed highly intriguing fundamental phenomena
such as ultrafast demagnetization on femtosecond time scales (16)
or the helicity-dependent all-optical switching of magnetic materials
(17). Most work to date assumed that laser excitation of a magnetic
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material results in a nonequilibrium hot charge distribution, which
subsequently triggers a series of cascaded incoherent secondary
processes including transport, (spin-flip) scattering, and quasiparticle
generation, ultimately leading to macroscopic demagnetization of
the magnetic material within <500 fs (18-22).

The fastest manipulation of the magnetic state should occur,
however, through the direct (possibly coherent) interaction between
the spin system of the material and the light field itself (23-25).
While the first experiments have provided indications that such a
direct manipulation scheme might be possible (26-29), to our
knowledge, only one experimental study on magnetic metallic systems
to date has focused on this challenging aspect of coherent ultrafast
magnetism induced by femtosecond laser pulses (24). One particu-
larly interesting and previously unknown scheme for the ultrafast
manipulation of spins using light takes advantage of the optically in-
duced spin transfer (OISTR) effect, which was recently introduced
by Dewhurst et al. (30). In their theoretical work, it was shown that
optical excitation can directly, coherently, and efficiently redistribute
spins between different magnetic sublattices in a multicomponent
magnetic material. Crucially, this process does not alter the total mag-
netization of the material, but rather redistributes the spins between
the different magnetic subsystems, which makes this effect particu-
larly attractive from a fundamental as well as an application-oriented
point of view. It is, therefore, important to experimentally test whether
coherent interactions on the time scale of the optical excitation, such
as the OISTR effect, can indeed induce a sizeable modification of
the magnetic state in functional materials. This opens a previously
unknown avenue toward manipulating solids on time scales only lim-
ited by the duration of the exciting light pulse, which is substantially
shorter than the usually discussed ultrafast but incoherent spin dy-
namics [for a review, see (21)] that evolve after the optical excitation.

RESULTS

In this work, we therefore investigate the experimental fingerprint
of such a coherent spin transfer process in an FesoNisq alloy. We show
that the Fes(Nis alloy has a band structure and density of states that
enable efficient light-driven coherent spin transfer from the Ni to
the Fe magnetic subsystem (see Fig. 1, A and B), i.e., it enables the
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Fig. 1. Ultrafast OISTR in FesoNiso. (A) Schematic overview of the OISTR effect in FesoNiso. The optical excitation by the IR pump leads to an effective spin transfer from
the occupied Ni minority channel into the Fe minority channel. Note that other excitations are also possible, and significant OISTR can only be expected if such a spin
transfer transition dominates the full excitation process. (B) Projected density of states (DOS) calculation for FesoNisq for Fe (green) and Ni (blue) demonstrating the favor-
able spin transfer from Ni to Fe in the minority channel. (C and D) TD-DFT calculations of the difference of the transient occupation compared with the unexcited case in
the minority channels of Ni (C) and Fe (D) at characteristic time steps demonstrating the OISTR effect. In Ni at energies between 0.5 and 3 eV below the Fermi level, a
negative signal arises corresponding to a loss of minority electrons, while a simultaneous positive signal correlating to minority spin gain is visible in Fe at equivalent

energies above the Fermi level.

observation of the OISTR process. The OISTR mechanism for the
FesoNisg alloy is illustrated in Fig. 1A. An optical excitation directly
transfers spin carriers between the magnetic subsystems on the time
scale of the ultrashort infrared (IR) pump pulse. This OISTR process
is most efficient when the photon energy of the IR pulse coincides
with a resonant transition between one spin channel in both ele-
mental subsystems, and this transition is dominant in comparison
to all other possible optical excitations in the material (not shown in
the scheme). Only then, a significant spin transfer will take place
between both subsystems, and hence, the OISTR effect can be ex-
pected. It is important to note that this spin transfer process generates
a pure spin current, i.e., nearly no dipole moment is induced (30),
which strongly contrasts the process from optical doping. For Fes(Nis,
pumping with IR light is expected to initiate spin transfer via a reso-
nant interband excitation between minority bands of the FesoNis alloy.
Guided by time-dependent density functional theory (TD-DFT)
calculations, we are able to monitor the optically induced transient
changes in the population of the Fe- and Ni-dominated minority
and majority bands in real time by time-resolved magneto-optical
Kerr (MOKE) spectroscopy. To gain element specificity, we use a
short-wavelength EUV high-harmonic light source (31), and we
use the transversal MOKE geometry, which is sensitive to the in-
plane magnetization of materials and allows us to monitor transient
magnetization changes of both sublattices by recording intensity
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changes of the reflected EUV light for two opposite magnetic fields
(32-35).

We find that such a tailored binary material system indeed en-
ables ultrafast, efficient, and coherent manipulation of the magnetic
properties on the time scale of the ultrashort (30 + 5 fs) pump pulse.
The TD-DFT calculations further verify that our experimental findings
are consistent with the theoretically predicted OISTR mechanism in
magnetic materials (30). In this way, our observation lays the founda-
tion for coherent control schemes on extremely short time scales down
to the pulse width of the shortest light pulse generated so far.

To reveal the spectroscopic fingerprint of the OISTR effect, we
first need to identify energy regions of the band structure of a particular
material that are strongly affected by optically induced coherent spin
transfer between magnetic subsystems. Guided by a previous work
(34), where peculiar spin dynamics during the laser pulse were
observed but were not discussed nor explained, we performed TD-DFT
calculations for FeNi alloys. Being a fully ab initio method to describe
light-matter interaction, TD-DFT has the advantage that the under-
lying physics of laser-induced spin dynamics is an emergent quantity
and is not assumed. Moreover, the treatment is nonperturbative in
the sense that it is not just a linear treatment but also all the higher-
order effects are taken into account. To ensure numerical accuracy,
all calculations were performed in two steps using a state-of-the-art
full-potential linearized augmented plane wave (LAPW) technique
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(36) as implemented in the Elk code (37): First, the ground state is
determined using DFT. We have used an L1, crystal structure with
fully optimized lattice parameters to simulate ordered FeNi alloys.
This leads to corresponding ground-state moment on Fe and Ni atoms.
Second, this ground state is then time propagated (36) under the
influence of a pump laser pulse of 5 mJ/cm?, a full width at half
maximum (FWHM) of 40 fs, and a photon energy of 1.55 eV. We
intentionally used a theoretical pulse duration longer than the
experimental pump duration to account for the measured cross-
correlation with the probe pulse. During the time propagation, we
monitor the atom-resolved transient occupations (38) at each time
step (2 as).

Accordingly, Fig. 1 (C and D) shows the TD-DFT-derived spec-
trally resolved optically induced modifications (colored lines) in the
occupation of the minority spin channels of Fe and Ni with respect to
the unperturbed material (dashed vertical line at Anp,, = 0). Besides
other excitations (not shown), the most notable transient change below
the Fermi level occurs in the minority channel of Ni (Fig. 1C). Here,
optical excitation leads to a significant reduction in the number of
minority spin carriers as a function of time, which corresponds to
an increase in the Ni sublattice magnetization. Note that because of
the multiphoton photoexcitation processes, dynamics are present in
an energy range larger than the pump laser pulse energy of 1.55 eV.

The calculations show that electrons are transferred from minority
Ni states to minority Fe states by the ultrashort IR laser pulse. Con-
sequently, we find a simultaneous accumulation of charge and spin
carriers in the minority states of Fe above the Fermi level, also due
to the optical excitation. We note that although changes in the occu-
pation of the majority states also occur, these are much less pronounced
and therefore will not be discussed further (see the Supplementary
Materials). Thus, the TD-DFT calculations indicate that efficient ultra-
fast and coherent OISTR can be driven by a 30-fs duration laser pulse,
with a photon energy in the IR regime centered at 1.55 eV, which
predominantly transfers spin carriers from the occupied Ni minority
to the unoccupied Fe minority states in an FesoNis alloy.

Guided by these theoretical predictions, we experimentally probed
the magnetic dynamics in FesoNis, taking advantage of the sensitivity
of EUV transversal MOKE (TMOKE) measurements to the magnetic
state of each individual element in the alloy (34). Figure 2A shows a
schematic of the experiment. IR laser pump pulses with a repetition
rate of 6 kHz, and an FWHM pulse duration of 30 fs are used to trigger
the Niand the Fe sublattices. EUV pulses with photon energies between
30 and 72 eV were generated via high-harmonic generation (HHG)
by focusing laser pulses from the same laser into a neon-filled hollow
waveguide. The reflected EUV intensities recorded for two opposite
directions of the sample magnetlzatlon I, and I_ are used to calcu-
late the magnetic asymmetry A = > Which is, in first-order approx-
imation, proportional to the magnetlzatlon in the sample (39, 40).
Figure 2B displays an example TMOKE asymmetry of the FesoNisg
alloy as a function of the photon energy in the vicinity of the Fe
(left) and the Ni (right) M, 5 absorption edges, extending over an
energy interval of several electron volts in the EUV range (39-42).

In general, the magneto-optical response of a material provides
a direct probe of the spin polarization of the occupied and unoccupied
magnetic bands involved in the optical transitions available at a given
wavelength (39, 43). Because the M, ; core levels are both energetically
narrow and spin degenerate, the magnetic asymmetry is directly
correlated to the element-resolved spin polarization in the vicinity
of the Fermi level. However, to date, most femtosecond magneto-
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Fig. 2. Schematic of the conducted OISTR experiment. (A) Experimental setup.
An EUV probe pulse investigates the element-specific magnetization dynamics in
FesoNisg triggered by an IR pump. (B) Magnetic asymmetry of Fe and Ni plotted as
a function of the photon energy. The shaded green and blue energy ranges mark
the energy range that is commonly integrated in an absorption edge experiment
to obtain the total magnetization.

optical experiments at the M- (and L-) absorption edges have focused
on the element-specific dynamics of the total magnetization
(32-34, 44-47). This information is often extracted by integrating
the magnetic asymmetry across the absorption edge of each element
(shaded areas in Fig. 2B). In contrast, here we go beyond this approach
by extracting the transient spin polarization in different regions of
the valence band structure (48), in particular to observe the signa-
ture of the OISTR effect.

The TD-DFT calculations discussed above predict that the IR laser
excitation should lead to an efficient spin transfer from the Ni minority
to the Fe minority states. The spectroscopic fingerprints of the evolving
coherent manipulation of the spin polarization should therefore appear
in the corresponding spectral range of the Ni and Fe M-absorption
edges. Energy-dependent changes in the MOKE asymmetry, hence,
serve as an element-specific probe for optically induced modifica-
tions of the spin polarization of Ni and Fe. Accordingly, we performed
a spectral analysis of our experimental time-resolved magnetic
asymmetry data. We note that the high signal-to-noise ratio required
for this analysis restricted us to energy regions with high peak in-
tensities of the reflected EUV light (i.e., near the peaks of the odd
harmonics of the driving laser; see the Supplementary Materials).
To compare the experimental asymmetry data and the spin polar-
ization dynamics in the vicinity of the Fermi level, Fig. 3A displays
the asymmetry as a function of final-state energy of the EUV absorp-
tion signal, where the M3 core level energies of 52.7 eV for Fe and
66.2 eV for Ni (49) were subtracted from the measured photon energy,
respectively (see the Supplementary Materials).

Figure 3B displays the transient change of the experimental
asymmetry, i.e., the experimental spin polarization, for states below
the Fermi level in Ni (dark blue line) and for states above the Fermi
level in Fe (dark green line). The Fe asymmetry is substantially re-
duced, while that of Ni increases, as might be expected if the OISTR
effect is playing a role, inducing a depletion of minority spin carriers
for Ni and a simultaneous accumulation of minority spins in Fe.
The corresponding element-specific transient spin polarization pre-
dicted by our TD-DFT calculation is included as light blue and
green solid lines, respectively. The data of Fig. 3B exhibit fast and
mirrored dynamics on time scales of =50 fs, i.e., on the same time
scale as the optical excitation.
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Fig. 3. Direct time-resolved verification of the OISTR effect on ultrashort time scales. (A) Static magnetic asymmetry of Fe and Ni plotted as a function of the energy
relative to the Fermi level, i.e., the measured photon energy after subtracting the M3 core level energy. (B and C) Spectral dynamics of the magnetic asymmetry of Fe and
Ni for different spectral regions. (B) In the energy regions marked in (A) by the shaded colored bars according to the calculations shown in Fig. 1, the spin dynamics show
a clear fingerprint of OISTR, on ~50-fs time scales. (C) In contrast, other spectral regions display only the conventional demagnetization caused by multistep relaxation
processes. The inset shows the demagnetization dynamics on a longer time scale, revealing a quenching level of ~25% to which all spectral regions converge. Note that
the integrated signals averaging over extended spectral regions show the typical delayed behavior between Fe and Ni (see the Supplementary Materials), as seen before
(34). The characteristic energies that are analyzed are marked in (A) with the dashed lines.

As a further cross-check for OISTR, Fig. 3C displays the time-
dependent asymmetry traces for energy regions for which the con-
tribution of the OISTR effect is expected to be absent. These energies
are, for instance, above and below the Fermi level of Ni and Fe,
respectively (blue and light green line), and far above the Fermi level
of Fe (dark green line). We indeed extract the same demagnetization
response of a strongly exchange-coupled alloy observed previously
(34), with no indication of the OISTR effect at these energies, as
expected from theory.

DISCUSSION

We now turn to a more detailed comparison between the theoretical
and experimental data shown in Fig. 3B. First, we note that the
strength of the spin transfer critically depends on the absorbed pump
laser fluence, which is in the region of several mJ/ cm?, but is hard to
determine with higher accuracy for our particular setup. We, therefore,
display in Fig. 3B theoretical data that have been adapted for an absorbed
fluence of 5 mJ/cm? to match the loss in spin polarization in the
experimental Fe data. We observe that this adaption simultaneously
results in a very good quantitative agreement with the observed ex-
perimental increase in the spin polarization in Ni. Crucially, we
even find a quantitative agreement between the predicted and
observed time-dependent magnetic dynamics—both experiment and
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theory show identical element-resolved changes in the sublattice spin
polarization up to 100 fs. Thereafter, the experimental Ni spin polar-
ization decays mainly because of incoherent, secondary spin-flip and
possibly following magnon generation processes, which are not
included in the theoretical model. Notably, the OISTR dynamics evolve
during the laser excitation, i.e., the optical transition itself, resulting
in the fastest transfer of spins between the two magnetic subsystems.

In addition, as mentioned above, OISTR is not the only process
that evolves during the time scale of the femtosecond optical excitation.
For instance, it has just recently been shown that ultrafast spin exci-
tations (28) and nonequilibrium spin polarizations (26, 27) also evolve
on the time scale of the optical laser pulse itself (i.e., up to about
30 fs in our case). Although these processes could potentially con-
tribute to the dynamics that we observe, the good agreement between
our TD-DFT calculations and experimental findings strongly suggests
that OISTR is the dominant process here. Furthermore, a comparison
to FeyoNigg (not shown), which did show peculiar behavior in a pre-
vious study (34), indicates that an OISTR effect is also present in
FeoNigg but is much more pronounced for FesoNis, the sample of
choice for the present work.

Last, we would like to comment on the interpretation of the spin
transfer in an alloy with a nearly itinerant band structure. When
combining two transition metals in an alloy, the atomic orbitals begin
to hybridize (50, 51) and start forming a joint delocalized band
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structure. However, it is commonly accepted that in general, not all
bands completely lose their atomic orbital character and hence
retain partially their initial elemental character—as has been shown
both experimentally (34, 52, 53) and theoretically (38, 50, 54).
The amount of hybridization can be evaluated by calculating the
projected density of states. Accordingly, within this framework, a spin
transfer in FesgNisg can be understood as a transition from a band
with a predominant Ni character to an unoccupied band with a pre-
dominant Fe character.

In conclusion, we used time-resolved HHG TMOKE to directly
observe a coherent net spin transfer between the two subsystems in
FesoNis on the time scale of the optical excitation. By extracting the
spectral information contained in the magnetic asymmetry data, we
were able to unambiguously reveal a transient energy-dependent
modification of the spin polarization in Fe and Ni consistent with a
direct spin transfer from Ni to Fe. Our experimental observations
can be described by the OISTR effect, resulting in a simultaneous
increase in the Ni spin polarization below the Fermi level and a cor-
responding decrease in the spin polarization of the occupied Fe states.
TD-DFT calculations fully support our experimental data matching
both in the spectral dependence and in the observed femtosecond
dynamics. We believe that our findings are of a very general nature
and can be extended to a variety of magnetic heterostructures. Last,
as an immediate consequence of the results obtained in this work,
we forecast a control of the spin dynamics on the attosecond time
scale, and note that a first light-wave dynamic control of magneti-
zation has indeed recently been identified (55). This not only will
allow us to explore the fundamental limits of material science and
magnetism to ever smaller length and ever faster time scales, but
will also have intriguing consequences for future information tech-
nology application. Coherent control of matter can potentially yield
previously unknown concepts to substantially reduce the operation
time of next-generation spintronic devices, down to the time dura-
tion of the shortest light pulse that can be generated.

MATERIALS AND METHODS

TD-DFT and computational details

The Runge-Gross theorem (56) establishes that the time-dependent
external potential is a unique functional of the time-dependent den-
sity, given the initial state. On the basis of this theorem, a system of
noninteracting particles can be chosen such that the density of this
noninteracting system is equal to that of the interacting system for
all times (57). The wave function of this noninteracting system is rep-
resented as a Slater determinant of single-particle orbitals. In what
follows, a fully noncollinear spin-dependent version of these theorems
is used (25). Then, the time-dependent Kohn-Sham (KS) orbitals are
Pauli spinors determined by the equations

oyy(r, 1)
ot

1 1 .
Ao B+ L6 (Voox-iV) | w(rn)

2
3 (V4L Aa(6) )+ v, +

(1)

where Aq(f) is a vector potential representing the applied laser
field and o are the Pauli matrices. The KS effective potential v(r, t) =
Vext(E, 1) + vu(r, 1) + vx(, t) is decomposed into the external potential
Vext> the classical electrostatic Hartree potential vy, and the exchange-
correlation (XC) potential vy.. Similarly, the KS magnetic field is
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written as By(r, £) = Bex(f) + By(r, t), where Bey(#) is the magnetic
field of the applied laser pulse and possibly an additional external
magnetic field and By(r, ¢) is the XC magnetic field. The final term
of Eq. 1 is the spin-orbit coupling term. It is assumed that the wave-
length of the applied laser is much greater than the size of a unit cell,
and the dipole approximation can be used, i.e., the spatial dependence
of the vector potential is disregarded. For XC potential, adiabatic
local spin density approximation was used (58).

All calculations used the state-of-the art full potential LAPW
method. Within this method, the core electrons (with eigenvalues
95 eV below Fermi energy) were treated fully relativistically by solving
the radial Dirac equation, while higher-lying electrons were treated
using the scalar relativistic Hamiltonian in the presence of the
spin-orbit coupling. To obtain the two-component Pauli spinor states,
the Hamiltonian containing only the scalar potential was diagonalized
in the LAPW basis: This is the first variational step. The scalar states
thus obtained were then used as a basis to set up a second variational
Hamiltonian with spinor degrees of freedom (59). A fully non-
collinear version of TD-DFT as implemented within the Elk code
(37) was used for all calculations (60). A regular mesh in k-space 8 x
8 x 8 was used, and a time step of At = 0.002 fs was used for the
time propagation algorithm (36). A smearing width of 0.027 eV was
used. For all ground-state calculations, a full structural optimization
was performed. We found that the effect of lattice relaxation were
very small in spin dynamics in this material.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/3/eaay8717/DC1

Section S1. Spectrum

Section S2. Majority dynamics

Section S3. Two separated core levels for Ni

Section S4. Energy integrated signals

Fig. S1. High-harmonic spectrum reflected from the FeNi sample.

Fig. S2. Transient occupations in Fe and Ni majority channels.

Fig. S3. Schematic depiction on the influence of two separated core levels for Ni.
Fig. S4. Energy integrated magnetization dynamics for Fe and Ni in FesoNiso.
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