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ABSTRACT

By comparing femtosecond laser-pulse-induced spin dynamics in the surface state of the rare earth metals Gd and Tb, we show that the spin
polarization of valence states in both materials decays with significantly different time constants of 15 ps and 400 fs, respectively. The distinct
spin polarization dynamics in Gd and Tb are opposed by similar exchange splitting dynamics in the two materials. The different time scales
observed in our experiment can be attributed to weak and strong 4f spin to lattice coupling in Gd and Tb, suggesting an intimate coupling of
spin polarization and 4f magnetic moment. While in Gd the lattice mainly acts as a heat sink, it contributes significantly to ultrafast
demagnetization of Tb. This helps explain why all optical switching is observed in FeGd—but rarely in FeTb-based compounds.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0067397

The rare earth metals gadolinium and terbium are important
components for materials that show single-shot all optical switching
(AOS).1,2 For this purpose, they are combined with transition metals
either in ferrimagnetic alloys3 or as multilayers in artificial ferrimag-
nets.4 In fact, alloys and multilayers of a wide variety of magnetic
materials could be switched but only by applying multiple and circu-
larly polarized laser pulses.5,6 In contrast, it turned out highly robust to
toggle switch FeCoGd alloys with a single, linearly polarized pulse.7

The prerequisites are the right range of composition and the concomi-
tantly adjusted magnetic compensation temperature of the alloy.8 In
contrast to the wealth of publications on Gd, there are only few studies
reporting AOS in Tb-based samples.9,10 The absence of AOS in TbFe
alloys has been attributed to the strong magnetic anisotropy.11

In transition-metal/rare-earth compounds, angular momentum
exchange between 3d and 5d spins of the itinerant valence electrons
occurs via inter-atomic exchange and optically excited (superdiffusive)
spin currents, while 5d and 4f spins of the rare earth couple via intra-
atomic exchange. Various theories have been developed to model
AOS, for example, in Refs. 8, and 12–14, which all involve the
exchange of angular momentum between the antiferromagnetically
coupled sublattices (layers) via exchange scattering, spin-polarized cur-
rents, or magnons. Here, 5d and 4f spins of the rare earth are consid-
ered as a single spin system that couples to the 3d spins of the

transition metal. However, for Gd, disparate dynamics of 5d exchange
splitting and 4f magnetic moments was demonstrated, which chal-
lenges a strong coupling between optically excited 5d spins and not
primarily excited 4f spins.15,16

This raises the question, how 5d and 4f spins of rare earth metals
couple. Building on recent results,17 we compare the spin dynamics in
pure Gd and Tb metals grown as epitaxial thin films on W(110).
Specifically, we follow our study on Gd16 and investigate the response
of the Tamm-like dz2 surface state of Tb on optical excitation. While
the spin polarization of the Gd surface state decreases with a slow time
constant s of 15 ps (Ref. 16), the spin polarization shows an ultrafast
drop with s ¼ 0:4 ps on Tb. Since these time constants are almost
identical to those of the decay of the 4f spin order,17 the difference
between both rare earth metals can be attributed to very weak and
very strong 4f spin to lattice coupling in Gd and Tb, respectively.
Furthermore, our results demonstrate that the spin polarization of the
valence states and the 4f magnetic moment are intimately linked and
show the same ultrafast dynamics. In contrast, the exchange splitting
of the valence states can show disparate dynamics. This suggests that
changing the spin polarization of the rare earth valence states is the
route to 4f spin reversal. In Tb, this process is hampered by strong 4f
spin-lattice coupling and efficient ultrafast transfer of angular momen-
tum into the lattice sink.
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The experiments were performed with the exchange-scattering
spin-detector described in Ref. 18 in combination with a cylindrical
sector analyzer (CSA 300, Focus) with an angular resolution of 6 2:5�.
The spin detector uses an oxygen-passivated 6 ML-thick Fe/W(001)
film as scattering target at a backscattering angle of 15�. To achieve
spin resolution, the magnetization of the Fe target is reversed. This
allows us to measure the spin polarization in Tb without the need of a
strong magnetic field to reverse its magnetization at liquid nitrogen
temperatures.

The Tb and Gd samples (for Gd see also Ref. 16) were grown in
situ on a W(110) substrate, which was cleaned beforehand by oxygen
treatment.19 Both lanthanides (purity 99.99) were deposited at a rate
of 5 Å per minute from a tungsten crucible in a home-built evaporator
at a base pressure of 6� 10�10 mbar. During evaporation, the sub-
strate was kept at room temperature. Subsequent annealing of the
10 nm-thick rare earth films was done for 1min at 780K for Gd and
850K for Tb. While cooling down, Tb was magnetized by field pulses
of 20mT through an air-wound coil. Gd was magnetized at liquid
nitrogen temperatures. The magnetization direction was in the plane
along the [1100] direction.

As pump pulses, we used the infrared (IR) fundamental (1.58 eV)
of a 300-kHz Ti:sapphire regenerative amplifier (RegA, Coherent). For
probe, the ultraviolet (UV) fourth harmonic (6.3 eV) was created in
one frequency-doubling and two sum-frequency-generation steps. IR
pump pulses were s-polarized to suppress multi-photon photoemis-
sion, and probe pulses were p-polarized. Beams were collinear, and the
angle of incidence was 45� off normal along the Gd/Tb[1000] direc-
tion. The experiments were performed in two campaigns. For Gd, we
achieved a temporal resolution (cross correlation of the IR pump and
UV probe pulses) of 70 fs while for Tb 160 fs as derived from the
increase in the hot electron temperature. The IR pump pulses had the
same pulse duration of 46 fs.

The majority-spin surface state on Gd and Tb is shown in the
spin-resolved spectra of Fig. 1. Apart from a�100 meV lower binding
energy on Tb, the surface states are identical on both materials. The
lower binding energy results in a cutting of the peak by the Fermi
function, giving rise to a steeper decreasing flank on the high-energy
side of the peak. With the majority-spin state close below EF, the
exchange-split minority-spin partner is unoccupied lying above EF
and, thus, barely measurable in photoemission.20

The majority-spin part shows a spin polarization of 70% (Gd)
and 50% (Tb) at 90K and, thus, has a remaining minority-spin popu-
lation. The difference in the spin polarization is ascribed to the differ-
ent Curie temperatures of 293 and 220K for Gd and Tb,
respectively.21 The temporal behavior of the spin polarization after the
pump pulse excites the sample is visualized by the spectra evolving
toward the back. The front spectrum was measured at negative pump-
probe delay (-0.5 ps) and was, thus, unchanged by the pump pulse.
The spectra to rear have been measured shortly after the pump at 1 ps
and later at 50 ps. Comparing the three spectra for Gd in Fig. 1(a), the
spin polarization, i.e., the ratio between the majority- and minority-
spin intensities stays at a high value. This is indicated by the dashed
horizontal lines, which represent the maximum intensity for each
peak. Contrasting this, for Tb [Fig. 1(b)], the spin polarization
decreases rapidly after pumping and is still low at 50 ps delay.

The complete time evolution of the spin polarization P is pre-
sented in Fig. 2. We calculate P as

P ¼ I" � I#

I" þ I#
; (1)

with I"=# being either the full area covered by the majority-/minority-
spin peak in an energy scan or the corresponding intensity measured
at a certain kinetic energy in a delay scan. To follow the spin evolution
in more detail, we performed delay scans with the CSA set to both the
binding energy, the surface state had initially—before pumping—and
the energy, to which the peak finally shifts during the demagnetization
process. These scans are represented by the open symbols in Fig. 2
(circles for Gd and squares for Tb). The data are completed by the
spin polarization evaluated from the energy scans of the full peak
(filled circles and squares in Fig. 2), and some of which are shown in
Fig. 1 (see the supplementary material).

In Fig. 2, it is clearly visible that the spin polarization of the Tb
surface state decreases quickly after pumping contrasting the spin
dynamics in the Gd surface state. In Gd, we find a very slow decrease
on a timescale at which the spin polarization in Tb already recovers.
We fitted the temporal behavior of the spin polarization using the fol-
lowing function:

PTbðtÞ ¼ P0 � 1� A �
ð
SðtÞdt � ð1� e�t=sTbÞ � e�t=sr

� �
; (2)

FIG. 1. Spin-resolved spectra of the surface state on Gd [reproduced with permission from Andres et al., Phys. Rev. Lett. 115, 207404 (2015). Copyright 2015 APS16] and Tb
before the pump pulse (�0.5 ps), shortly after pumping (1 ps), and late after pumping (50 ps). In the case of Gd, the pump pulse mainly changes the overall peak intensity of
both, majority- (blue) and minority-spin peak (red)—besides slight changes in the linewidth and binding energy. In Tb, there is a clear reduction in the spin polarization from the
first to the following two spectra, which is easily visible in the ratio between the area covered by the majority- and minority-spin peaks.
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in which P0 is the initial spin polarization, A is the amplitude of demag-
netization, and sTbðsrÞ are the demagnetization (remagnetization) time
constants. The excitation by the laser pulse S(t) was approximated by
multiplication with a step function at t¼ 0 ps. Since we did not observe
the start of a remagnetization within the measured time range in Gd,
PGd was fitted without the exponential remagnetization term

PGdðtÞ ¼ P0 � 1�
ð
SðtÞdt � A � ð1� e�t=sGdÞ

� �
: (3)

Equations (2) and (3) have been convolved with a Gaussian, resem-
bling the time resolution of our laser pulses.

A fit (solid lines) through the delay scans results in very different
time constants of sGd ¼ 156 8 ps and sTb ¼ 0:46 0:3 ps.
Additionally, the magnitude of the reduction differs by almost a factor
of two (reduction by 20% in Gd, but by 35% in Tb). The demagnetiza-
tion appears to be much more efficient in Tb.17,22 Note that the fluence
of the pump pulse was chosen to be much lower in Tb (1.2 mJ/cm2

absorbed pump fluence in the Tb/W(110) sample) to achieve a demag-
netization comparable to the one measured in Gd at an absorbed flu-
ence of 3.5 mJ/cm2. The stronger spin-lattice coupling obviously
enhances the demagnetization in Tb, which would result in a much
stronger demagnetization in Tb compared to Gd upon using the same
fluence for both materials.

In addition to the spin polarization, the demagnetization also
affects the exchange splitting and, thus, the binding energy of the sur-
face state. To determine the change in the binding energy, we used the
spin-integrated mode of our spin detector by simply flipping the scat-
tering target out of the electron beam path.18 The detection is then
directly done without back scattering, focusing the photoelectrons
onto a second channeltron positioned after the entrance lens of the
spin detector in the forward direction. The spin-integrated mode
allows us to measure a delay-series of energy spectra in a

comparatively short time without the loss in count rate that is induced
by the back scattering used for spin resolution. Such a series for Tb is
depicted as a false color plot in Fig. 3. A corresponding graph for the
Gd surface state has been published in Ref. 16.

Figure 3 gives an overview over the whole pumping process. The
primarily excited electrons thermalize rapidly within the temporal evo-
lution of the experiment (�70 fs for Gd), giving rise to a broadening
of the Fermi function.23 The broadening, in turn, increases the photo-
emission intensity above EF and reduces the intensities below EF. This
affects the height of the surface state peak in our spectrum (cf. Fig. 1),
which is overlayed by a simultaneous broadening of the peak’s line-
width, equally induced by the increasing temperature in the electron
system. The surface state peak furthermore shifts toward EF (long-
dashed horizontal lines in Fig. 3). Regarding the typical measures for
magnetism, the upward binding-energy shift of the majority-spin
component of the surface state equals a reduction in the surface state’s
exchange splitting unless the minority-spin component would likewise
shift upwards. From time-resolved photoemissionon on Gd24 or
temperature-dependent static scanning tunneling spectroscopy on Tb
and Gd,25 we infer that the unoccupied minority-spin component
stays at constant binding energy or shifts toward EF. The data in Fig. 3
have been analyzed to deduce the temperature of the hot electron gas
and the peak position of the surface state (see the supplementary
material of Ref. 16). The electronic temperature Te is derived from the
width of the Fermi function. Figure 4(a) compares Te for Gd (blue)
and Tb (gray) as a function of the pump-probe delay. Note the linear
and logarithmic scales of the abscissa up to and beyond 5 ps, respec-
tively. The electronic temperature is raised directly within our time
resolution of 70 fs (for Gd) and 160 fs (for Tb) through the decay of
excited hot electrons via inelastic electron-electron scattering. It
decreases through dissipation of heat to the lattice leading to an equili-
bration of electrons and lattice temperatures above the �100 K start-
ing temperature within about 4 ps and 6 ps at 380 and 220K for
Gd and Tb, respectively. The different IR pump fluences (3.5 vs
1.2 mJ/cm2) are reflected in the maximum and equilibrated

FIG. 2. Temporal evolution of the normalized spin polarization in the Gd and Tb
majority-spin surface states. The spin polarization integrated over the energy-range
of the full peak (filled symbols) is complemented by data (open symbols) taken at
the initial peak position (�200/�110 meV for Gd/Tb) and the final peak position
(�120/�30meV for Gd/Tb) during the pumping process. These energies are also
indicated for the Tb case by the dotted and dashed horizontal lines in Fig. 3. While
in Gd the spin polarization decreases to only 80% of the initial value at large pump-
probe delays (sGd ¼ 156 8 ps), Tb shows a much faster response decreasing to
65% with a time constant sTb ¼ 0:46 0:1 ps.

FIG. 3. Spin-integrated spectra of the Tb surface state evolving with increasing
pump-probe delay (false-color plot). The surface state is immediately depopulated
by the increasing electron temperature, which leads to a broadening of the Fermi
function. This also creates an increased intensity above EF. Additionally, the surface
state peak shifts toward EF and recovers to the initial spectrum at �100 ps. The ini-
tial and final binding energy reached during the shift is visualized by the black
dashed and gray dashed-dotted horizontal lines, respectively.
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temperatures, which are higher for Gd than for Tb. We approximate
this equilibration by adding the increasing lattice temperature Tl to Te.
This yields the following fitting functions:

TeðtÞ ¼
ð
SðtÞdt � Ael e

�t=sel þ TlðtÞ
� �

; (4)

TlðtÞ ¼ Ale 1� e�t=selð Þe�t=sd ; (5)

where the amplitudes Ael > Ale account for the different heat capaci-
ties of electrons and lattices Ce < Cl. We can fit Eq. (5) to the temper-
ature shown in Fig. 4(a) after convolving with a Gaussian to account
for the time resolution given by the cross correlation of the laser
pulses. The sigmoid function resulting from the convolution of step
S(t) and the Gaussian perfectly resembles the time integral of the
Gaussian shaped laser pulse. An additional exponential decay term
with time constant sd was included to account for the cooling of the
electrons and lattices through thermal diffusion at large pump-probe
delays.26 This is legitimate, since thermal diffusion is about two orders
of magnitude slower than the equilibration between electrons and latti-
ces (sd � sel). The simple relations in Eq. (5) provide a good model-
ing of the measured temperatures as demonstrated by the solid lines in
Fig. 4(a). We find a slightly faster decay of Te for Gd (sel � 0:8 ps)
compared to Tb (sel � 1:25 ps), as expected from the difference
between electrons and lattice temperatures according to the two-
temperature model.27

The temporal evolution of the binding energy of the surface state
is shown in Fig. 4(b) and can be described in Eq. (5) as well. The sur-
face state’s binding energy shifts closer to the Fermi level. Fitting the
binding energy and temperature simultaneously, we find that this
energy shift occurs in Gd with the same time constant of 0.8 ps as the
lattice temperature increases. It is well described in Eq. (5) except for a
small but significant discrepancy (	 20 meV) at larger delays 
 5 ps
when we observe the decrease in the spin polarization of the surface
state. For Tb, we can, in contrast, reproduce the binding energy for
delays larger than 5 ps, while we observe a significantly steeper
decrease in the binding energy with s ¼ 0:46 0:2 ps, which mimics
the decay of the spin polarization (cf. Fig. 2) and is three times faster
than the increase in the lattice temperature. As discussed below, these
deviations are the imprint of the dynamics of the spin polarization on
the binding energy of the surface state and reflect the difference in 4f
spin-lattice coupling between Gd and Tb.

We find three characteristics in the temporal evolution of the sur-
face state after ultrafast optical excitation.

(i) The first is a very fast increase in the electronic temperature.
The observed response time is actually set by the 70 fs (160
fs) time resolution of the Gd (Tb) experiment. The broaden-
ing of the Fermi function with increasing Te goes hand in
hand with a depopulation of the occupied surface state and,
thus, a transfer of majority spins between surface and bulk
states. This explains the ultrafast drop (within the laser
pulse duration) of the magnetic signal in surface-sensitive
second harmonic generation at both the Gd and Tb(0001)
surfaces.23,24,28

(ii) The second observation is the shift of both surface state’s
binding energy to lower values, i.e., a reduction in the
exchange splitting. In Gd, it mainly follows the lattice tem-
perature with a time constant s of 0.8 6 0.2 ps. We
observed a comparable response time also in the decay of
the exchange splitting of the Gd bulk bands.29 In Tb, the
surface state binding energy responds significantly faster
with s ¼ 0:46 0:2 ps. This time constant is again compati-
ble with the decay of the exchange splitting of the Tb bulk
bands.30

(iii) With the here presented spin-resolved measurements, the
difference between Gd and Tb is easily explained by the

FIG. 4. Temporal evolution of the electronic temperature and the surface state bind-
ing energy in Gd and Tb. (a) The electronic temperature Te, represented by the
width of the Fermi function in our spectra, increases instantly when the system is
pumped at t¼ 0. The subsequent drop of Te can be described by an equilibration
with the lattice temperature Tl (dashed lines) in a two-temperature model. (b) The
binding energy of the majority-spin surface state decreases during the demagneti-
zation process, which can be attributed to a lowering of the surface state’s
exchange splitting. The energy shift is on a similar timescale as the change in Tl,
obtained from (a), represented by the dashed lines. The additional shift, deviating
from Tl within the first 5 ps for Tb and at delays> 3 ps for Gd, is caused by the
decreasing spin polarization.
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third feature, which is the decay of the surface-state spin-
polarization. Please note the difference between population
of a state and its spin polarization P [see Eq. (1)]. While the
depopulation of the Gd and Tb surface state occurs in
accordance with observation (i) during optical excitation
within the pump pulse duration, the spin polarization drops
very slowly for Gd with s � 15 ps but decays rapidly for Tb
with s ¼ 0:46 0:2 ps (Fig. 1). Obviously, in Tb, the ultrafast
decrease in the spin polarization of the surface state (Fig. 2)
leads to an (within error bars) instantaneous shift of the
surface-state binding-energy. This explains the deviation of
the binding-energy shift and lattice temperature within the
first 3 ps after laser excitation in Tb [Fig. 4(b)].
Accordingly, the difference in Gd at delays larger than 3 ps
[Fig. 4(b)] is attributed to the change in the spin polariza-
tion starting at around 3 ps (see Fig. 2).

We conclude that the three characteristics observed in this work
correspond to three contributions to demagnetization: (i) The ultrafast
optical excitation initiates likewise ultrafast spin transport effects. In
our measurements, this manifests as a depopulation of the strongly
spin-polarized surface state of Gd and Tb. (ii) The dissipation of heat
between electrons and the lattice gives rises to spin-flip effects medi-
ated by Elliot-Yafet scattering. This is one contribution to the decreas-
ing exchange splitting observed in the form of a peak shift in Gd and
Tb in this work. (iii) The very different spin-polarization dynamics,
which we observe for Gd and Tb, must be the result of spin-lattice
coupling. In Ref. 17, Frietsch et al. have shown that the 4f spin systems
of Gd and Tb respond likewise on distinct pico- and femtosecond
timescales very similar to those observed here for the surface-state
spin-polarization. In line with Wietstruk et al.,31 this was attributed to
the different 4f spin to lattice coupling in both metals. While it is negli-
gible in Gd (4f 7; L ¼ 0), it is strong in Tb due to its finite orbital
momentum L¼ 3 of the 4f 8 configuration. In fact for the latter rare
earth, phonon and magnon branches hybridize.32 In line, we observed
very recently that inelastic electron decay leads to generation of mag-
non polarons in Tb while phonon and magnon excitations remain
decoupled in Gd.21 Thus, spin polarization and 4f magnetization are
intimately connected in the rare earth metals,33,34 and spin mixing or,
synonymously, band mirroring of the surface state and most likely all
valence bands occurs via magnon emission.

Returning to all-optical switching, we may ask how the 3d spins of
transition metals and the 5d and 4f spins of the rare earth metals couple
in ferrimagnetic alloys and artificial ferrimagnets like FeCoGd and
Co–Gd multilayers.3,4 The comparable response of 4f magnetization
and 5d spin polarization suggests that whenever we modify the spin
polarization of the valence electrons, we alter the 4f magnetic moment.
The former is achieved both by spin flips via local exchange scattering
of 3d and 5d electrons,4 e.g., at the interface of 3d and 4f metals, or by
injecting spin currents from the Co layer (or FeCo rich phase) into the
Gd layer (or the Gd rich phase).8,35 This likewise explains more efficient
demagnetization of the antiferromagnetic (spin spiral) phase of Dy as
compared to its low-temperature ferromagnetic phase.36

Why is it easier to switch the magnetization in Gd as compared
to Tb compounds? On the ultrafast timescale, lattice heating does little
affect the 4f spin dynamics in Gd but strongly in Tb. Since the lattice is
a sink for angular momentum,37 ultrafast spin reversal and angular
momentum dissipation compete in Tb but not in Gd. However,

switching via spin currents or exchange coupling across interfaces
helps one to reduce lattice heating and may allow for all optical switch-
ing of other artificial ferrimagnets, as recently demonstrated for Co/Pt
multilayers38,39 and Co/Tb stacks.10 An alternative route may be to
reduce dissipation channels, e.g., in ferrimagnetic Heusler alloys.40

In summary, the presented data are a further cornerstone to close
the puzzle of magnetization dynamics in the rare earth metals. We
observe a hierarchy: The 4f magnetization and the spin polarization of
the valence bands react conjointly and affect the exchange splitting. In
contrast, we can change the exchange splitting in Gd by ultrafast opti-
cal excitation without affecting the spin polarization of the valence
bands and the 4f magnetic moment. Thus, different contributions of
demagnetization are reflected in the exchange splitting [Fig. 4(b)]. On
the one hand, Elliot–Yafet scattering changes the exchange splitting on
the timescale of electron-lattice temperature equilibration. On the
other hand, the demagnetization of the spin polarization induces a fur-
ther reduction in exchange splitting, giving rise to the deviations from
the lattice temperature dynamics on very different timescales for Gd
and Tb.

See the supplementary material for the different spin-resolved
scans, which have been performed to obtain the data for the Tb sam-
ples. We relate spin-resolved energy-spectra and delay scans to the
temporal evolution of the spin-integrated surface band structure and
thereby explain the deduction in the spin-polarization curve in Fig. 2
of the main text.

We acknowledge funding by the Deutsche
Forschungsgemeinschaft through CRC/TRR 227 Ultrafast spin
Dynamics, project A01. The authors like to thank Focus GmbH for
their steady support of the CSA analyzer over two decades.

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

B.A. and M.W. designed the experiment. S.E.L. and B.A. per-
formed the experiment. B.A. and M.W. wrote the paper with input
from S.E.L.

DATA AVAILABILITY

The data that support the findings of this study are available
within the supplementary material. Data for the presented analysis are
publicly available at https://zenodo.org/record/5607475, Zenodo, 2021.

REFERENCES
1A. Kirilyuk, A. V. Kimel, and T. Rasing, “Ultrafast optical manipulation of
magnetic order,” Rev. Mod. Phys. 82, 2731–2764 (2010).

2A. V. Kimel and M. Li, “Writing magnetic memory with ultrashort light
pulses,” Nat. Rev. Mater. 4, 189 (2019).

3C. D. Stanciu, F. Hansteen, A. V. Kimel, A. Kirilyuk, A. Tsukamoto, A. Itoh,
and T. Rasing, “All-optical magnetic recording with circularly polarized light,”
Phys. Rev. Lett. 99, 047601 (2007).

4M. L. M. Lalieu, M. J. G. Peeters, S. R. R. Haenen, R. Lavrijsen, and B.
Koopmans, “Deterministic all-optical switching of synthetic ferrimagnets using
single femtosecond laser pulses,” Phys. Rev. B 96, 220411 (2017).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 119, 182404 (2021); doi: 10.1063/5.0067397 119, 182404-5

Published under an exclusive license by AIP Publishing

https://www.scitation.org/doi/suppl/10.1063/5.0067397
https://www.scitation.org/doi/suppl/10.1063/5.0067397
https://zenodo.org/record/5607475
https://doi.org/10.1103/RevModPhys.82.2731
https://doi.org/10.1038/s41578-019-0086-3
https://doi.org/10.1103/PhysRevLett.99.047601
https://doi.org/10.1103/PhysRevB.96.220411
https://scitation.org/journal/apl


5S. Mangin, M. Gottwald, C.-H. Lambert, D. Steil, V. Uhl�ır, L. Pang, M. Hehn,
S. Alebrand, M. Cinchetti, G. Malinowski, Y. Fainman, M. Aeschlimann, and
E. E. Fullerton, “Engineered materials for all-optical helicity-dependent mag-
netic switching,” Nat. Mater. 13, 286 (2014).

6M. S. El Hadri, P. Pirro, C.-H. Lambert, S. Petit-Watelot, Y. Quessab, M.
Hehn, F. Montaigne, G. Malinowski, and S. Mangin, “Two types of all-optical
magnetization switching mechanisms using femtosecond laser pulses,” Phys.
Rev. B 94, 064412 (2016).

7T. A. Ostler, J. Barker, R. F. L. Evans, R. W. Chantrell, U. Atxitia, O.
Chubykalo-Fesenko, S. E. Moussaoui, L. L. Guyader, E. Mengotti, L. J.
Heyderman, F. Nolting, A. Tsukamoto, A. Itoh, D. Afanasiev, B. A. Ivanov, A.
M. Kalashnikova, K. Vahaplar, J. Mentink, A. Kirilyuk, T. Rasing, and A. V.
Kimel, “Ultrafast heating as a sufficient stimulus for magnetization reversal in
a ferrimagnet,” Nat. Commun. 3, 666 (2012).

8M. Beens, M. L. M. Lalieu, A. J. M. Deenen, R. A. Duine, and B. Koopmans,
“Comparing all-optical switching in synthetic-ferrimagnetic multilayers and
alloys,” Phys. Rev. B 100, 220409 (2019).

9T. M. Liu, T. Wang, A. H. Reid, M. Savoini, X. Wu, B. Koene, P. Granitzka, C.
E. Graves, D. J. Higley, Z. Chen, G. Razinskas, M. Hantschmann, A. Scherz, J.
St€ohr, A. Tsukamoto, B. Hecht, A. V. Kimel, A. Kirilyuk, T. Rasing, and H. A.
D€urr, “Nanoscale confinement of all-optical magnetic switching in
TbFeCo–competition with nanoscale heterogeneity,” Nano Lett. 15,
6862–6868 (2015).

10L. Avil�es-F�elix, A. Olivier, L. �Alvaro-G�omez, M. Rubio-Roy, S. Auffret, A.
Kirilyuk, A. V. Kimel, T. Rasing, R. C. Sousa, B. Dieny, and I. L. Prejbeanu,
“Single-shot all-optical switching of magnetization in Tb/Co multilayer-based
electrodes,” Sci. Rep. 10, 5211 (2020).

11A. R. Khorsand, M. Savoini, A. Kirilyuk, A. V. Kimel, A. Tsukamoto, A. Itoh,
and T. Rasing, “Element-specific probing of ultrafast spin dynamics in multisu-
blattice magnets with visible light,” Phys. Rev. Lett. 110, 107205 (2013).

12J. H. Mentink, J. Hellsvik, D. V. Afanasiev, B. A. Ivanov, A. Kirilyuk, A. V.
Kimel, O. Eriksson, M. I. Katsnelson, and T. Rasing, “Ultrafast spin dynamics
in multisublattice magnets,” Phys. Rev. Lett. 108, 057202 (2012).

13S. Wienholdt, D. Hinzke, K. Carva, P. M. Oppeneer, and U. Nowak, “Orbital-
resolved spin model for thermal magnetization switching in rare-earth-based
ferrimagnets,” Phys. Rev. B 88, 020406 (2013).

14C. Davies, T. Janssen, J. Mentink, A. Tsukamoto, A. Kimel, A. van der Meer, A.
Stupakiewicz, and A. Kirilyuk, “Pathways for single-shot all-optical switching
of magnetization in ferrimagnets,” Phys. Rev. Appl. 13, 024064 (2020).

15B. Frietsch, J. Bowlan, R. Carley, M. Teichmann, S. Wienholdt, D. Hinzke, U.
Nowak, K. Carva, P. M. Oppeneer, and M. Weinelt, “Disparate ultrafast
dynamics of itinerant and localized magnetic moments in gadolinium metal,”
Nat. Commun. 6, 8262 (2015).

16B. Andres, M. Christ, C. Gahl, M. Wietstruk, M. Weinelt, and J. Kirschner,
“Separating exchange splitting from spin mixing in gadolinium by femtosecond
laser excitation,” Phys. Rev. Lett. 115, 207404 (2015).

17B. Frietsch, A. Donges, R. Carley, M. Teichmann, J. Bowlan, K. D€obrich, K.
Carva, D. Legut, P. M. Oppeneer, U. Nowak, and M. Weinelt, “The role of
ultrafast magnon generation in the magnetization dynamics of rare-earth met-
als,” Sci. Adv. 6, eabb1601 (2020).

18A. Winkelmann, D. Hartung, H. Engelhard, C.-T. Chiang, and J. Kirschner,
“High efficiency electron spin polarization analyzer based on exchange scatter-
ing at Fe/W(001),” Rev. Sci. Instrum. 79, 083303 (2008).

19K. Zakeri, T. Peixoto, Y. Zhanga, J. Prokopa, and J. Kirschner, “On the prepara-
tion of clean tungsten single crystals,” Surf. Sci. 604, L1–L3 (2010).

20(), it is generally possible to populate the unoccupied minority-spin component
of the surface state with the pump pulse and ionize it with a second laser pulse
in two-photon photoemission. Nevertheless, such a two-photon photoemission
measurement yields count rates at least a factor of thousand lower compared
to direct photoemission. Thus, we can assume that our data analysis of the
occupied majority-spin surface state measured in direct photoemission is not
compromised by any two-photon photoemission contribution of the unoccu-
pied minority-spin surface state component.

21B. Liu, H. Xiao, G. Siemann, J. Weber, B. Andres, W. Bronsch, P. M. Oppeneer,
and M. Weinelt, “Signature of magnon polarons in electron relaxation on ter-
bium revealed by comparison with gadolinium,” Phys. Rev. B 104, 024434
(2021).

22A. Eschenlohr, M. Sultan, A. Melnikov, N. Bergeard, J. Wieczorek, T. Kachel,
C. Stamm, and U. Bovensiepen, “Role of spin-lattice coupling in the ultrafast
demagnetization of Gd1�xTbx alloys,” Phys. Rev. B 89, 214423 (2014).

23U. Bovensiepen, “Coherent and incoherent excitations of the Gd(0001) surface
on ultrafast timescales,” J. Phys.: Condens. Matter 19, 083201 (2007).

24M. Lisowski, P. A. Loukakos, A. Melnikov, I. Radu, L. Ungureanu, M. Wolf,
and U. Bovensiepen, “Femtosecond electron and spin dynamics in Gd(0001)
studied by time-resolved photoemission and magneto-optics,” Phys. Rev. Lett.
95, 137402 (2005).

25M. Bode, M. Getzlaff, A. Kubetzka, R. Pascal, O. Pietzsch, and R.
Wiesendanger, “Temperature-dependent exchange splitting of a surface state
on a local-moment magnet: Tb(0001),” Phys. Rev. Lett. 83, 3017–3020 (1999).

26(), we assume that electronic diffusion processes are happening within the
timescale of our laser pulses and are thus not distinguishable from the excita-
tion process in our experiment.

27S. I. Anisimov, B. L. Kapeliovich, and T. L. Perel’man, “Electron emission frommetal
surfaces exposed to ultrashort laser pulses,” Zh. �Eksp. Teor. Fiz. 66, 776 (1974).

28A. Melnikov, A. Povolotskiy, and U. Bovensiepen, “Magnon-enhanced phonon
damping at Gd(0001) and Tb(0001) surfaces using femtosecond time-resolved
optical second-harmonic generation,” Phys. Rev. Lett. 100, 247401 (2008).

29R. Carley, K. D€obrich, B. Frietsch, C. Gahl, M. Teichmann, O. Schwarzkopf, P.
Wernet, and M. Weinelt, “Femtosecond laser excitation drives ferromagnetic
gadolinium out of magnetic equilibrium,” Phys. Rev. Lett. 109, 057401 (2012).

30M. Teichmann, B. Frietsch, K. D€obrich, R. Carley, and M. Weinelt, “Transient
band structures in the ultrafast demagnetization of ferromagnetic gadolinium
and terbium,” Phys. Rev. B 91, 014425 (2015).

31M. Wietstruk, A. Melnikov, C. Stamm, T. Kachel, N. Pontius, M. Sultan, C.
Gahl, M. Weinelt, H. A. D€urr, and U. Bovensiepen, “Hot-electron-driven
enhancement of spin-lattice coupling in Gd and Tb 4f ferromagnets observed
by femtosecond X-ray magnetic circular dichroism,” Phys. Rev. Lett. 106,
127401 (2011).

32J. Jensen, “Magneto-elastic interaction in terbium,” Intern. J. Magn. 1, 271–275
(1971).

33S. Rex, V. Eyert, and W. Nolting, “Temperature-dependent quasiparticle band-
structure of ferromagnetic gadolinium,” J. Magn. Magn. Mater. 192, 529–542
(1999).

34L. M. Sandratskii, “Exchange splitting of surface and bulk electronic states in
excited magnetic states of Gd: First-principles study,” Phys. Rev. B 90, 184406
(2014).

35C. E. Graves, A. H. Reid, T. Wang, B. Wu, S. de Jong, K. Vahaplar, I. Radu, D.
P. Bernstein, M. Messerschmidt, L. M€uller, R. Coffee, M. Bionta, S. W. Epp, R.
Hartmann, N. Kimmel, G. Hauser, A. Hartmann, P. Holl, H. Gorke, J. H.
Mentink, A. Tsukamoto, A. Fognini, J. J. Turner, W. F. Schlotter, D. Rolles, H.
Soltau, L. Str€uder, Y. Acremann, A. V. Kimel, A. Kirilyuk, T. Rasing, J. St€ohr,
A. O. Scherz, and H. A. D€urr, “Nanoscale spin reversal by non-local angular
momentum transfer following ultrafast laser excitation in ferrimagnetic
GdFeCo,” Nat. Mater. 12, 293–297 (2013).

36N. Thielemann-K€uhn, D. Schick, N. Pontius, C. Trabant, R. Mitzner, K.
Holldack, H. Zabel, A. F€ohlisch, and C. Sch€ußler-Langeheine, “Ultrafast and
energy-efficient quenching of spin order: Antiferromagnetism beats
ferromagnetism,” Phys. Rev. Lett. 119, 197202 (2017).

37C. Dornes, Y. Acremann, M. Savoini, M. Kubli, M. J. Neugebauer, E. Abreu, L.
Huber, G. Lantz, C. A. F. Vaz, H. Lemke, E. M. Bothschafter, M. Porer, V.
Esposito, L. Rettig, M. Buzzi, A. Alberca, Y. W. Windsor, P. Beaud, U. Staub,
D. Zhu, S. Song, J. M. Glownia, and S. L. Johnson, “The ultrafast Einstein-De
Haas effect,” Nature 565, 209–212 (2019).

38J. Gorchon, C.-H. Lambert, Y. Yang, A. Pattabi, R. B. Wilson, S. Salahuddin,
and J. Bokor, “Single shot ultrafast all optical magnetization switching of ferro-
magnetic Co/Pt multilayers,” Appl. Phys. Lett. 111, 042401 (2017).

39J. Igarashi, Q. Remy, S. Iihama, G. Malinowski, M. Hehn, J. Gorchon, J.
Hohlfeld, S. Fukami, H. Ohno, and S. Mangin, “Engineering single-shot all-opti-
cal switching of ferromagnetic materials,” Nano Lett. 20, 8654–8660 (2020).

40C. Banerjee, N. Teichert, K. E. Siewierska, Z. Gercsi, G. Y. P. Atcheson, P.
Stamenov, K. Rode, J. M. D. Coey, and J. Besbas, “Single pulse all-optical toggle
switching of magnetization without gadolinium in the ferrimagnet
Mn2RuxGa,” Nat. Commun. 11, 4444 (2020).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 119, 182404 (2021); doi: 10.1063/5.0067397 119, 182404-6

Published under an exclusive license by AIP Publishing

https://doi.org/10.1038/nmat3864
https://doi.org/10.1103/PhysRevB.94.064412
https://doi.org/10.1103/PhysRevB.94.064412
https://doi.org/10.1038/ncomms1666
https://doi.org/10.1103/PhysRevB.100.220409
https://doi.org/10.1021/acs.nanolett.5b02743
https://doi.org/10.1038/s41598-020-62104-w
https://doi.org/10.1103/PhysRevLett.110.107205
https://doi.org/10.1103/PhysRevLett.108.057202
https://doi.org/10.1103/PhysRevB.88.020406
https://doi.org/10.1103/PhysRevApplied.13.024064
https://doi.org/10.1038/ncomms9262
https://doi.org/10.1103/PhysRevLett.115.207404
https://doi.org/10.1126/sciadv.abb1601
https://doi.org/10.1063/1.2949877
https://doi.org/10.1016/j.susc.2009.10.020
https://doi.org/10.1103/PhysRevB.104.024434
https://doi.org/10.1103/PhysRevB.89.214423
https://doi.org/10.1088/0953-8984/19/8/083201
https://doi.org/10.1103/PhysRevLett.95.137402
https://doi.org/10.1103/PhysRevLett.83.3017
https://doi.org/10.1103/PhysRevLett.100.247401
https://doi.org/10.1103/PhysRevLett.109.057401
https://doi.org/10.1103/PhysRevB.91.014425
https://doi.org/10.1103/PhysRevLett.106.127401
https://doi.org/10.1016/S0304-8853(98)01054-3
https://doi.org/10.1103/PhysRevB.90.184406
https://doi.org/10.1038/nmat3597
https://doi.org/10.1103/PhysRevLett.119.197202
https://doi.org/10.1038/s41586-018-0822-7
https://doi.org/10.1063/1.4994802
https://doi.org/10.1021/acs.nanolett.0c03373
https://doi.org/10.1038/s41467-020-18340-9
https://scitation.org/journal/apl

	l
	d1
	d2
	f1
	d3
	f2
	f3
	d4
	d5
	f4
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40

