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CONDENSED MATTER PHYSICS

The role of ultrafast magnon generation
in the magnetization dynamics of rare-earth metals

B. Frietsch’, A. Donges?, R. Carley'*, M. Teichmann'*, J. Bowlan'!, K. Débrich’, K. Carva®?,

D. Legut®, P. M. Oppeneer'3, U. Nowak?, M. Weinelt'¥

Ultrafast demagnetization of rare-earth metals is distinct from that of 3d ferromagnets, as rare-earth magnetism is
dominated by localized 4f electrons that cannot be directly excited by an optical laser pulse. Their demagnetiza-
tion must involve excitation of magnons, driven either through exchange coupling between the 5d6s-itiner-
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ant and 4f-localized electrons or by coupling of 4f spins to lattice excitations. Here, we disentangle the ultrafast
dynamics of 5d6s and 4f magnetic moments in terbium metal by time-resolved photoemission spectroscopy. We
show that the demagnetization time of the Tb 4f magnetic moments of 400 fs is set by 4f spin-lattice cou-
pling. This is experimentally evidenced by a comparison to ferromagnetic gadolinium and supported by orbit-
al-resolved spin dynamics simulations. Our findings establish coupling of the 4f spins to the lattice via the orbital
momentum as an essential mechanism driving magnetization dynamics via ultrafast magnon generation in tech-

nically relevant materials with strong magnetic anisotropy.

INTRODUCTION
Uncovering the nature of ultrafast spin phenomena under strongly
nonequilibrium conditions is an intriguing fundamental research
question at the frontier of condensed matter physics. Upon exci-
tation of a material with a femtosecond optical pulse, the valence
electronic system is pushed out of equilibrium within the laser pulse
duration. During the time scale to establish subsequently thermal
equilibrium among excited electrons, lattice, and spin systems of
typically several picoseconds, the medium is in a transient and
strongly nonequilibrium state. In this state, previously unknown
phenomena occur, which cannot be observed in thermal equilibrium
when simply heating the magnetic system (1-4). Fundamental mag-
netic properties such as the intra-atomic exchange interaction (5),
exchange splitting (6), and spin mixing (3, 7) manifest nonequilibrium
behavior. In composite magnetic materials, the magnetic moments
on distinct sublattices react differently (2) despite strong inter-
atomic exchange J;; constants that couple the magnetic moments
on the different sublattices together. This distinct nonequilibrium
behavior of constituting spin systems seems pivotal for all-optical
magnetic switching where a single femtosecond laser pulse is suf-
ficient to revert the magnetization of synthetic ferrimagnets (8-10).
Therefore, it is essential to understand which are the decisive cou-
plings between electrons, phonons, and spins that drive magneti-
zation dynamics in the first few picoseconds after femtosecond
laser excitation.

In their pioneering work, Beaurepaire et al. (1) not only estab-
lished ultrafast demagnetization of nickel but also proposed that the
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coupling between electron and spin baths drives femtosecond mag-
netization dynamics while the lattice response lags behind. Not-
withstanding, one of today’s models of ultrafast demagnetization
is based on spin-lattice coupling through Elliott-Yafet spin relax-
ation (11, 12), in which angular momentum of hot valence elec-
trons is transferred on a subpicosecond time scale to the cooler
phonons, as claimed to have been observed recently (13). An alter-
native explanation is the superdiffusive spin transport (14), in
which hot electrons transport angular momentum out of the exci-
tation region.

A reversed process, exciting spins by hot phonons via spin-lattice
coupling, must however become important when the spin subsystem,
embedded in the underlying electronic system, is not excited by the
optical pump pulse (15). This is in particular true for the correlated
rare-earth metals, where optical excitation with 1.5-eV laser pulses
heats the 5d6s valence electrons that carry only a small spin moment
(~0.4 up), while the more strongly bound, localized 4f levels, which
carry most of the magnetic moment, remain unaffected (6). As
sketched in Fig. 1 (A and B), there exist two distinct pathways in
which excitation of the 4f spins can occur: via coupling to the excited
5d spin moment, involving the 5d-4f intra-atomic exchange Jintras
and/or via excitation of the lattice, expressed by the electron-phonon
coupling Gp and subsequent coupling of the 4f angular momentum
to lattice motions (indicated by o4¢). In metals, heating of the crystal
lattice sets in immediately upon optical excitation by scattering of
hot electrons with phonons and completes roughly within 2 ps. The
coupling of these lattice motions to the 4f spin § is mediated by the
orbital momentum L, via spin-orbit coupling ~. ~ £.3In gadolinium,
the coupling of the lattice to the spin moment is expected to be very
weak (L=0,5=7/2,] =L+ S="7/2), butitis strong for Tb (L = 3,
S =3,]=6), with ] as the total angular momentum quantum number
of the 4f shell (15-17). Earlier experiments by Vaterlaus et al. (18)
suggest that spin-lattice coupling in gadolinium occurs on a rather
slow time scale of 100 + 80 ps. We note that in the ferromagnetic
rare-earth metals, flipping a 4f spin would require several pp angular
momentum transfer and several electron volts of excitation energy
per atom. However, launching spin waves and phonons requires
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Fig. 1. Comparison of 5d6s and 4f spin dynamics in Gadolinium and Terbium. Upper panels: Orbital-resolved spin model. The yellow arrows represent the energy
flow from the laser-excited electrons into the lattice (Gep) and to the 5d and 4f spin systems. Note the different 4f spin-to-lattice couplings asin (A) Tb (J=L+5=6,L =
3)and (B) Gd (J=5=7/2,L=0).In contrast, inter- and intra-atomic exchange constants (J; and Jinra) are of comparable magnitude. Lower panels: lllustration of 5d6s and
4f spin dynamics about 1 ps after laser excitation. While in (B), the 4f spins (yellow arrows) are strongly excited by lattice motions and tilted with respect to M, in (A), they
remain cold and aligned along the magnetization direction M,. The 5d6s spins (red arrows) are additionally coupled to the optically excited valence electrons asq and thus

quiver around the 4f moments.

comparable energies of few millielectron volts (19). Tb even shows
an avoided crossing of phonon and magnon (=spin-wave) branches
indicative of strong phonon-magnon coupling (19).

Figure 1 illustrates the different couplings for the Gd and Tb
spin systems and the resulting spin dynamics about 1 ps after opti-
cal excitation. As indicated in the schematics by the thickness of the
arrow and analyzed in detail below, we identify either (i) weak (L =0,
Gd) or (ii) strong (L = 3, Tb) coupling of the 4f spins to the phonon
heat bath with transient temperature T,,. While in (i) the 4f spins
(blue arrows) remain cold and aligned along the magnetization
direction My, in (ii), they become strongly excited by the hot phonons
and thereby tilted with respect to M, (yellow arrows). The 5d spins
(red arrows) are additionally excited by coupling to the hot valence
electrons T and either (i) quiver around the cold 4f spins or (ii)
parallel more the dynamics of the excited 4f spins due to the intra-
atomic exchange interaction.

Here, we establish ultrafast demagnetization by generation of
spin excitations via direct coupling between lattice motion and 4f
magnetic moments. To this end, we recorded for ferromagnetic Tb
metal in parallel the exchange splitting of the 5d valence band and
the 4f magnetic linear dichroism (MLD) in a time-resolved photo-
emission experiment. Thereby, we show that the Tb 4f spin system
demagnetizes with a time constant of only 400 fs. Orbital-resolved
spin dynamics simulations and the comparison to Gd corroborate
that this ultrafast decay is driven by the coupling between 4f spin
and phonon subsystems. Intra-atomic exchange couples excited 5d
to 4f spins. Therefore, Tb 5d6s magnetic moment and the valence
band exchange splitting parallel the ultrafast 4f dynamics, revealing
comparable magnetization decay constants. Our results establish
the coupling between lattice excitations and spin system as a mech-
anism that can drive ultrafast magnetization dynamics particularly
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in materials with strong spin-orbit coupling and concomitant large
magnetic anisotropy.

RESULTS

Figure 2 shows angle-resolved photoemission spectra (ARPES) of
Tb for two opposite in-plane magnetization directions M (red and
blue lines) recorded with a photon energy of 40.0 eV. We use the
MLD in ARPES, which is a magnetic effect comparable to the trans-
versal magneto-optical Kerr effect in a photon-in/photon-out ex-
periment, and directly proportional to the ferromagnetic magneti-
zation. As shown in the inset, a chiral geometry [E - (M x k) # 0]
was chosen to measure the 4f MLD in normal emission (8 = 0°)
(20). Both the 4f high-spin final state 83/, at 2.5-eV binding energy
and the low-spin multiplet components at 7.5 eV show pronounced
intensity differences for opposite magnetization directions. Like-
wise, a small MLD is present in the 5d,2 surface state. The MLD
signal (gray backfilled area) is obtained by integration over the
absolute value of the difference of blue and red spectra. In thermal
equilibrium, it is proportional to the sample magnetization, and we
assume that this holds for laser excitation. The single high-spin ®S;/,
final state component at 2.5-eV binding energy shows remarkably
strong dichroism. The spin multiplet at 7.5 eV consists of three
components °D, °I, and °P, where °I dominates at the used photon
energy. All components undergo a surface-core-level shift of ~0.26 eV
(20). A complete set of time-resolved photoemission spectra is
shown in fig. S1. Comparing the MLD of the low- and high-spin
components, we find no significant difference (see the Supplemen-
tary Materials and fig. S3). Therefore, we evaluated the intense
85,1 high-spin final state to follow the time evolution of the 4f
magnetic moment. The 5d exchange splitting was determined by
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Fig. 2. Valence band photoemission spectra and MLD of Tb at 90 K. ARPES
spectra probed with p-polarized light for opposite in-plane magnetization direc-
tions (red and blue, see inset) at normal emission ¥ = 0°. The gray backfilled differ-
ence spectrum highlights the MLD, which was evaluated for the 85,2 spin component.
The binding energy of minority (1) and majority (1) spin 5d valence bands (VB) and
the exchange splitting were extracted at § = 8° (see text).

fits to the spectrum recorded at a photon energy of 36.8 eV and an
emission angle of 8°, where the majority spin (1) and minority spin
(1) branches of the valence band are energetically separated from
the 4f high-spin multiplet component S, and do not overlap (see
fig. S2) (21).

With the combined measurement of valence band exchange
splitting and MLD, we can follow the dynamics of the 5d and 4f
spins as we drive the magnetic system out of equilibrium. To ex-
plore the role of 5d-4f intra-atomic exchange coupling Jinia versus
4f spin to lattice coupling o4, it is of notable help to compare the
spin dynamics in Tb with our previously reported results on Gd (5).
The orbital-resolved dynamics of Gd and Tb are shown in
Fig. 3 (A and B), respectively. Data (filled circles) in the upper
panels correspond to the 5d exchange splitting, and data in the lower
panels show the 4f MLD. Solid lines are the results from atomistic
spin dynamics simulations, described below.

Optical excitation leads to a considerably stronger reduction in
the 5d exchange splitting of Tb than of Gd (45% versus 15%; note
the different y axis scaling in Fig. 3) despite the lower absorbed
pump fluence (2.5 mJ/cm? versus 3.5 mJ/cm?). In addition, fitting
single exponentials to the ultrafast decay of the exchange splitting
(see the Supplementary Materials and fig. S4), we extract clearly
different time constants of about 300 fs for Tb and 700 fs for Gd.
Obviously, optical excitation acts faster and more efficiently on the
Tb than on the Gd 5d spin subsystem. The 5d6s valence electronic
structure shows only subtle differences at the Fermi surface (22),
and thus, we would expect comparable dynamics for Gd and Tb
when neglecting the coupling to the 4f spin subsystem. Obviously,
the reason lies in the different dynamics of the 4f magnetic moments.
Whereas we find an ultrafast drop of the Tb 4f MLD with 14 ~ 400 fs,
the demagnetization of the Gd 4f spin system is characterized by a
much longer time constant of ~14 ps (Fig. 3, bottom panels, data
points and black lines). Note that also the Tb 4f high-spin multiplet
component at 2.5 eV remains unaffected by the near-infrared (NIR)
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pump pulse. Bremsstrahlung isochromat spectroscopy finds the
lowest lying unoccupied 4f level of Tb and of Gd out of the range of
the used NIR excitation at about 2.8 and 4.5 eV above the Fermi
energy, respectively (23).

The ab initio calculated intra-atomic exchange Jinera is strong for
both Gd and Tb (137 and 212 meV). This would in each of the two
materials translate to 5d-4f coupling times #/Jiptra of below 10 fs.
However, we see very different spin dynamics in the two materials.
Consequently, very effective demagnetization of the Tb 4f spin
system must take place via coupling to the phonons. For Tb, with its
large orbital momentum L, the heated lattice constitutes an addi-
tional channel providing fluctuations and dissipation as well as a
sink for angular momentum.

To substantiate these qualitative arguments, we analyzed the
magnetization dynamics with the orbital-resolved spin model,
sketched in Fig. 1 and outlined in detail in Materials and Methods
and the Supplementary Materials. The stochastic Landau-Lifshitz-
Gilbert (LLG) Eq. 2 describes the precessional motion of spins and
its coupling to the electron and phonon subsystems via the orbital-
dependent damping constants asq and o5, which are proportional-
ity constants for how strongly the magnetic energy can be changed
(see the Supplementary Materials). The 5d and 4f spin dynamics are
excited by the thermal fluctuations of the electron system and the
phonon heat bath, respectively. Because of the similar valence
electronic structure of Gd and Tb, we necessarily assume equal
damping constants asq = 0.00013 for the itinerant 5d moments in
both metals (5). For the 4f coupling parameter in the LLG Eq. 2, we
have to use distinct values of affd = 0.0015 and (14T}’ = 0.35. These
values of o are also consistent with magnetic resonance spectra in
Gd (24) and Tb metal. From the ferromagnetic resonance line-
widths of 5 to 10 kOe in (25), we deduce for Tb o = 0.1 — 0.2.

Moreover, we find that these values yield satisfactory agreement
between simulation results and the 4f MLD signal over the complete
delay range, i.e., including both the (ultrafast, nonequilibrium)
decay and the slow (in-equilibrium) picosecond recovery of the
magnetization. In our simulation, the valence electronic subsystem
is optically excited, and electron and phonon temperatures (T, and
Tpn) are calculated in an extended two-temperature model, taking
spin excitations into account (see Fig. 1, the Supplementary Materials,
and fig. S6) (26). The demagnetization of the Tb 4f moments de-
pends on both the coupling G, between electrons and phonons and
the damping aIfb between phonons and 4f moments (cf. Fig. 1).
Consequently, the time constant of ultrafast demagnetization will
be set by the slower process. We find that for damping constants o.¢
larger than 0.35, the demagnetization time 14 is limited by how fast
the heat flows from the electron to the phonon subsystem (see the
Supplementary Materials and fig. S7).

The blue and black solid lines in the bottom panels of Fig. 3 show
the calculated 5d and 4f magnetic moments as a function of pump-
probe delay. Our simulations corroborate that despite large intra-
atomic exchange Jinra> the magnetization dynamics of both metals is
essentially determined by coupling of the total 4f spin subsystem to
the phononic system. In Tb, strong spin-phonon coupling supports
ultrafast femtosecond dynamics; in Gd, weak spin-phonon coupling
leads to a slow picosecond dynamics of the 4f moment.

In contrast, the 5d magnetic moment shows an ultrafast response
in both metals, because the valence-band electrons are not only
coupled to the 4f system but also directly excited by the laser pulse.
The fact that ugdd = 0.55 pp is larger than p.gctl’ = 0.34 up results in

30of7

0202 ‘v'Z JaquianoN uo /610 Bewasualos saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A Gd - absorbed fluence 3.5 mJIcm2
T T T T 1

0.8 5d

0.7

Exchange splitting (eV)

1.0 fo2e

0.8+

Magnetization

06
1

-1 0 1 2 3 10 100
Delay (ps)

B Tb - absorbed fluence 2.5 mJIcm2

\
\
|
|
[
[

Exchange splitting (eV)

Magnetization

\
\
\
|
|
|
[
[
[

-1 0 1 2 3 10 100
Delay (ps)

Fig. 3. Magnetization dynamics of itinerant 5d and localized 4f moments in the rare earth metals Gd and Th. The upper panels show the response of the 5d valence
band exchange splitting, and the lower panels show the transient MLD of the 4f level for (A) Gd and (B) Tb, respectively. Error bars on the last data points show 2 SDs. The
solid lines result from our orbital-resolved spin dynamics simulations using ab initio input parameters for J;and Jintra. In the lower panels, the calculated reduced magnetization
is shown. In the upper panels, the calculated dynamics of 5d magnetic moments is converted into the transient exchange splitting via first principles calculations (see the

Supplementary Materials).

a shorter 5d time constant (e< M;j: Eq. 2) in Tb as compared with
Gd. In addition, the coupling to the 4f dynamics via Jinr, affects the
5d spin dynamics. Therefore, the Tb 5d magnetic moment nearly
parallels the ultrafast dynamics of the much larger 4f magnetic mo-
ment (Fig. 3A, bottom panel).

To compute the 5d exchange splitting from our spin dynamics
simulation data (red solid line in Fig. 3, top panels), we determined
the average angle between the 4f and 5d spin moments as a function
of pump-probe delay. The noncollinear arrangement of the two
on-site moments reflects the different degrees of excitation of the
5d and 4f spin subsystems. We performed ab initio calculations,
which give us the electronic band structure and the exchange splitting
(see the Supplementary Materials and figs. S8 and S9). The good
agreement with the experimental data corroborates that the exchange
splitting mainly reflects the dynamics of the 5d magnetic moment.

DISCUSSION

Our pump-probe measurements reveal a very different ultrafast
demagnetization dynamics in Tb as compared with Gd. The itinerant
5d spin moment and the localized 4f moment in Tb exhibit very
similar decay constants, whereas for Gd, the 5d and 4f decay
constants are vastly different. This peculiar distinctive behavior
between Tb and Gd allows us to pin down an essential mechanism
for ultrafast magnetization dynamics that thus far has not been
identified, the coupling of the 4f spin to the lattice via the orbital
momentum.

This distinction between Gd and Tb is observable in several
equilibrium quantities, as the mentioned 4f orbital moments of
~0 up versus 3 pp for Gd and Tb, respectively. The coupling of the
4f moment to the lattice is reflected as well in the magnetocrystalline
anisotropy energies of 0.03 meV for Gd (27) but 16.5 meV for Tb
(28).Inan earlier theoretical investigation, Hiibner and Bennemann
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(16) concluded that the 4f spin-phonon scattering rate is related to
the magnetocrystalline anisotropy energy. Therefore, the spin-
lattice couplings of Gd and Tb should differ by orders of magnitude.
The spin-lattice coupling furthermore determines the magnetization
damping oy, which, as mentioned above, is very different for Gd
and Tb. Using the very distinct values for o4 in the orbital-resolved
spin dynamics simulations, a very good agreement with the mea-
surements is obtained, substantiating the important role of the 4f
spin-lattice coupling identified here that leads to ultrafast excitations
of magnons.

We note that a very different kind of spin-lattice coupling in the
form of Elliott-Yafet electron-phonon spin-flip scattering was pro-
posed previously as a mechanism for ultrafast demagnetization (11).
In this mechanism, spin-polarized itinerant electrons scatter with
phonons and lose angular momentum that is transferred to the lattice
(12). A recent work suggests to have observed a corresponding ro-
tation of the lattice (13). We find a different process: A fast heating
of the phonon subsystem by electron-phonon scattering combined
with strong coupling of the 4f orbital momentum to the lattice, in
addition to the strongly coupled spin and orbital moments, drives a
fast demagnetization of the Tb 4f moments via excitation of spin
waves. Because of the absence of this demagnetization channel in
Gd, the demagnetization dynamics has to be driven via the excited
5d moment. Despite strong intra-atomic exchange, this is less effi-
cient because the 4f magnetic moment is large and has an intrinsically
slower dynamics in the exchange field of 5d magnetic moments.

To put our work further in perspective, we compare it with other
demagnetization experiments. The first experiment on Gd and Tb
magnetization dynamics by Wietstruk et al. (15) probed the unoc-
cupied 4f orbital at the M5 edge with x-ray magnetic circular
dichroism (XMCD). These measurements revealed an ultrafast
demagnetization of both the Gd and Tb 4f spin systems with identi-
cal time constants of about 700 fs. A subsequent slower step exhibited
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decay times of 40 and 8 ps for Gd and Tb, respectively. The differ-
ence on the slow picosecond time scale was attributed to the distinct
4f spin-lattice coupling. The identical 700-fs response constant
seen for Gd and Tb in XMCD is challenged by our time-resolved
photoemission experiment: Gd shows very different time scales of
5d and 4f spin dynamics with tsq ~ 700 fs but t4s ~ 14 ps (Fig. 3A).
These order-of-magnitude-apart time constants were corrobo-
rated by a spin- and time-resolved photoemission study of the Gd
surface state (3). The exchange splitting of bulk and Gd 5d-de-
rived surface state show comparable ultrafast responses, but the
spin polarization of the surface state is set by the 4f magnetic
moment and follows the 14-ps decay seen in 4f MLD. Hence, our
ARPES data for Tb show faster dynamics as compared with the
XMCD measurements. We find similar decay constants of 5d
exchange splitting and 4f MLD of about 300 and 400 fs (Fig. 3B).

How can we explain the different time constants seen in XMCD
and ARPES? Photoelectron spectroscopy is a surface-sensitive tech-
nique probing the first few monolayers of a metal film. Thus, our
photoemission data are not overlaid by spin transport across the
rare-earth/tungsten interface. Currents emerging from cap layers
and substrates have been proven to give sizable contributions to
ultrafast magnetization dynamics (14, 29-31). Because the XMCD
experiments by Wietstruk et al. (15) probed the complete magnetic
layer in transmission, they are susceptible to these spin transport
contributions. Spin currents will alter the spin polarization of the
5d6s valence states. The spin polarization of the surface state is set
by the 4f moment (3). By analogy, spin currents can in turn affect
the 4f spin dynamics.

In contrast, indirect excitation of the 4f spin subsystem via intra-
atomic exchange coupling to the spins of the optically excited 5d6s
valence electrons results in similar responses and cannot explain the
evidently different 4f spin dynamics of Tb and Gd. The 5d6s valence
electronic systems of ferromagnetic Gd and Tb are very similar, and
the intra-atomic exchange is qualitatively comparable and, in par-
ticular, much stronger than the 5d-5d interatomic exchange. In our
simulations, we obtain qualitatively the same spin dynamics for Tb
if we replace the exchange constants of Tb with those for Gd. In
other words, it is not the larger intra-atomic exchange Jiny, that
drives ultrafast magnetization dynamics of the 4f spins in Tb, but
the finite orbital momentum L. The clear difference in the magnetiza-
tion dynamics of Gd and Tb must be ascribed to an additional exci-
tation source. This is evidently the coupling to the lattice, which is
weak in Gd but strong in Tb and can thus accommodate the necessary
change in Tb 4f angular momentum. The different ultrafast spin
dynamics in Gd and Tb are captured in Fig. 1 (A and B). In Gd, the 4f
spins remain cold, and we see separate 5d spin dynamics, while in
Tb, we observe ultrafast generation of coupled 5d-4f spin excitations,
which can be viewed as multiple spin-wave excitations. Thus, the
coupling between 4f spin and lattice excitations is crucial for ultra-
fast spin-wave generation and magnetization dynamics in aniso-
tropic rare-earth metals.

In summary, time- and angle-resolved photoelectron spectroscopy
with pulsed extreme ultraviolet light from higher-order harmonic
generation (HHG) recording both the valence band exchange split-
ting and the 4f MLD allows us to unravel the fundamentally different
spin dynamics of Tb and Gd due to distinct couplings of 5d and 4f
spin systems to electron and lattice excitations. In Tb, thermally
driven lattice fluctuations effectively couple to the 4f spin system. In
Gd, the weak influence of phonons on the 4f magnetic ordering
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hampers this process, which explains why the ultrafast demagneti-
zation, i.e., the subpicosecond decay of the 4f moment, is much
larger in Tb than in Gd. The Tb 4f demagnetization occurs on a
time scale of 400 fs. This establishes spin-lattice coupling mediated
by the orbital momentum as a new mechanism that can drive ultra-
fast magnetization dynamics by generation of spin waves. The
ferromagnetic rare-earth metals Gd and Tb have been shown to be
of particular interest, since in ferrimagnetic-ordered systems, the
interplay between faster 3d and slower 4f spin dynamics is seen as
the origin of helicity-independent all-optical switching (2, 9), and
single-shot switching is so far a peculiarity of 3d-4f compounds
containing Gd or Tb (2, 8-10, 32). Our results suggest that lattice
interactions are a decisive ingredient as well to the microscopic
understanding of all-optical switching.

MATERIALS AND METHODS

Experimental setup

The ARPES experiment combines an HHG beamline with an ultrahigh-
vacuum endstation (33, 34). We used the NIR laser fundamental
(hw=1.60eV) as pump pulse and its 23rd or 25th harmonics as probe
pulse (Ao = 36.8 or 40.0 eV). The cross correlation of pump and probe
pulses was below 120 fs. The laser operates at a repetition rate of
10 kHz. Photoelectrons were detected downstream of a hemispherical
analyzer separating in parallel kinetic energy and polar emission angle
within an acceptance range of 9 eV and +13°, respectively. The combined
energy resolution of HHG source and electron detector was 0.2 eV.

Sample preparation

Tb films of 10-nm thickness were prepared by molecular beam epi-
taxy on the (110) surface of a tungsten single crystal at a pressure of
1 x 107'" mbar. After annealing for 1 min at 880 K, the film showed
the sharp low-energy electron diffraction (LEED) pattern of the
(0001) surface of hexagonal close packed (hcp) Tb. Substrate and thin
film quality were controlled by LEED and ARPES (35) (see the “Sample
quality” section of the Supplementary Materials for further details).

Orbital-resolved spin dynamics simulation

For the theoretical description of the ultrafast demagnetization, we
adopted the orbital-resolved spin model sketched in Fig. 1 (5, 9).
We distinguish localized 4f moments with p.4be =9ug, which con-
tain both spin and orbital moments and itinerant 5d spin moments
with pi> = 0.34pp (36). We treat the Tb 4f moment as a single ef-
fective spin p:ffb . The NIR pump laser excites the 5d valence elec-
trons but cannot directly excite the 4f electrons. Energy will thus
flow from the heated electrons to the lattice via electron-phonon
coupling Gep, as well as to the 5d spin system 054 (yellow arrows in
Fig. 1). The large Tb 4f orbital moment strongly couples to the lat-
tice because of the strong spin-orbit energy, and the Tb spin and
orbital momenta are tightly bound. This chain of interactions re-
sults in a large spin-to-lattice coupling. In addition, the 4f moments
can be excited via the strong intra-atomic exchange interaction to
the laser-excited 5d spins. Introducing the normalized moments
Si= Wi/p, at lattice site i, the full orbital-resolved spin Hamiltonian
can be written as

H = _2]’] S?d : SJSd - ]intraZSiSd . S;“
i,j i

1
—-d, Zcos2 S?f - dg Z:sin6 ﬂ?f cos6 (p?f
1 1
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We calculated the inter- and intra-atomic exchange interactions
by first principles methods and validated J;; and Jintra by the tem-
perature dependence of the magnetization (see the Supplementary
Materials and fig. S10). Higher terms in Eq. 1 describe the Tb-spe-
cific uniaxial and basal plane magnetocrystalline anisotropy (dz, b =
—16.5meV and dg,Tb = 48peV) (28). To compute the spin dynamics,
we numerically solve the stochastic LLG equation for both orbitals
v as shown in (5)

aS:/ _ —Yv
ot (1+0d)py

S) x (H! + a,S! x H}) (2)

The Tb gyromagnetic ratios are ysq = 2 pp/f and ysq = 1.5 pp/#,
and the orbital-dependent Gilbert dampings are a,. The effective
field that enters the LLG equation is given by

v_ _OH e
Hi_ aslv+cl (3)

where (! represents thermal fluctuations in the form of Gaussian
white noise proportional to the transient electron and lattice tem-
peratures for the cases of 5d and 4f moments, respectively (5). The
temperatures of the electron and phonon subsystems are computed
with an extended two-temperature model (26, 37) [for parameters,
see (5, 38)].

Tb exchange constants and exchange splitting

The present ab initio calculations of the interatomic exchange con-
stants in Tb are based on the tight-binding linear muffin-tin orbital
method (39) using the atomic-sphere approximation (ASA). The
Vosko-Wilk-Nursair exchange potential has been used within the
local spin-density approximation (40). As the 4f electrons do not
take part in the interatomic exchange, they were included as core
electrons in this calculation. The intra-atomic exchange and the 5d
exchange splitting, conversely, do depend sensitively on the cor-
related 4f states. We computed these quantities using the LSDA+U
approach (41) within a full-potential electronic structure program
with spin-orbit coupling included. The magnetic interactions were
mapped onto the effective Heisenberg Hamiltonian of Eq. 1. Ex-
change interactions between different sites, J;; (see fig. SI0A), were
calculated using the magnetic force theorem (42).

The complex nonequilibrium situation with the 4f magnetization
at an elevated temperature, and the 5d spin subsystem at a different
temperature, leads to their noncollinear alignment. The exchange
splitting depends on the magnetic disorder of the 4f moments and,
in addition, on the average relative angle 6 between s°d and $*. To
evaluate this dependence, we use an ab initio description based on
the linear plane wave method (see the “Tb density of states” section
of the Supplementary Materials), while the directions of the spd
magnetic moments are constrained (5) so that their angle with
respect to (w.r.t.) the 4f momentum direction is 8. For this con-
strained system, we calculate the resulting band structure and
extract the exchange splitting of the valence bands at the I point.
For further details, see the “5d exchange-splitting” section of the
Supplementary Materials.

The Supplementary Materials for further details on ab initio
calculations, spin dynamics simulations, and the evaluation of
the angle-resolved photoemission data accompany this paper at
http://www.scienceadvances.org/.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/39/eabb1601/DC1
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