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A change of orbital state alters the coupling between ions and their surroundings drastically. Orbital excitations
are hence key to understand and control interaction of ions. Rare-earth elements with strong magneto-crystalline
anisotropy (MCA) are important ingredients for magnetic devices. Thus, control of their localized 4f magnetic moments
and anisotropy is one major challenge in ultrafast spin physics. With time-resolved x-ray absorption and resonant
inelastic scattering experiments, we show for Tb metal that 4f-electronic excitations out of the ground-state multi-
plet occur after optical pumping. These excitations are driven by inelastic 5d-4f-electron scattering, altering the 4f-
orbital state and consequently the MCA with important implications for magnetization dynamics in 4f-metals and
more general for the excitation of localized electronic states in correlated materials.

INTRODUCTION

In ultrafast spin dynamics in metals, optically induced transitions in
valence electronic states are the first excitation step. Recent experi-
ments and theory identified direct consequences of these initial exci-
tations for the spin dynamics: Optical intersite spin transfer between
different atomic sites of transition metal (TM) compounds leads to
enhanced speed and efficiency of demagnetization (1). Excitations of
4f electronic states in rare-earth (RE) metals have not been consid-
ered to contribute to magnetization dynamics so far. X-ray magnetic
circular dichroism studies, searching for separate spin and orbital
dynamics in TM-RE ferrimagnets (2, 3) were implicitly looking for
changes of the felectronic state, albeit without stating that. They ulti-
mately remained without conclusions. In contrast to valence states in
TMs, which can be easily optically excited, the dipole selection rules
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make the cross section for optical 4f excitations in RE metals very
small (4) in particular for pump-photon energies not resonant with
4f-4f transitions. Therefore, laser-driven 4f-spin dynamics must re-
sult from coupling to other degrees of freedom, such as to the lattice
via phonons or to the directly laser excited 5d6s valence electrons.
While nonparallel 4f-spin order can be efficiently quenched via an-
gular momentum redistribution (5, 6), the speed of demagnetization
in 4f ferromagnets is closely connected to the 4f-spin-lattice coupling
(7-15). Launching phonons in 4f metals requires energies of few
milli-electron volts, which is enough to generate spin waves (16) and
excitations within the 4f ground-state multiplet (17) but not enough
to reach higher lying 4f electronic multiplet states: The lowest-lying
f-f multiplet transitions that change the total angular momentum J
usually require energies of hundreds of milli-electron volts (18).

The spin-polarized itinerant 5d electrons mediate the indirect
exchange coupling between the 4f states of neighboring atoms
(Ruderman-Kittel-Kasuya-Yosida interaction) and thus enable in
equilibrium long-range order of the strongly localized 4f magnetic
moments (I16). Distinct 5d and 4f magnetic order dynamics ob-
served in state-selective studies on different RE metals (6, 7, 9) indi-
cate a more intricate interplay of 4f and 5d states in nonequilibrium,
but details of the 5d-4f interaction after optical pumping have rarely
been explored. Partly, this is the case because a combined theoretical
description of d and f electronic structure is difficult (19); magnetic
dynamics simulation based on models like Landau-Lifshitz-Gilbert
equation (7, 20-22) or the Microscopic Three Temperature Model
(14, 23, 24) usually treat the 4f and 5d magnetic systems as a single
spin system. We present here an analysis of the 5d-4f coupling
mechanisms in nonequilibrium and show that this coupling induces
changes in the 4f electronic state that are directly linked to spin and
orbital dynamics: Orbital state transitions altering the total angular
momentum ] have immediate consequences for the 4f-spin lattice
coupling, which should be reflected in spin dynamics.

With new pulsed x-ray sources and instrumentation at the European
X-ray Free Electron Laser (EuXFEL) and the Free Electron Laser in
Hamburg (FLASH), experimental approaches have recently become
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feasible that merge high energy and time resolution with core-state
selective probing. For detecting the 4f electronic dynamics, we
combined two complementary methods: x-ray absorption spec-
troscopy (XAS) and resonant inelastic x-ray scattering (RIXS), as
schematically illustrated in Fig. 1A. The time-resolved XAS and
RIXS experiments were performed at EuXFEL and FLASH, re-
spectively (see Fig. 1, B and C, for experimental schemes). XAS
(at the 3d-4f transition) probes the full 4f multiplet and hence the
sum of all changes to the electronic structure (25). RIXS (at the
4d-4f transition) allows for a selective detection of a specific elec-
tronic excitation with high sensitivity (26). We combined these
two techniques to track femtosecond changes in the 4f multiplet
structure after exciting the 5d6s valence electrons in paramagnetic
hcp Tb metal with near-infrared (IR)-laser pulses, and we ob-
served distinct 4f orbital excitations. We show that variations of
the 4f state are primarily driven by 5d-4f electron-electron scatter-
ing, but we also find indications of 5d-4f electron transfer in the 4f
electron dynamics. The effect is not small: Under our experimental
conditions, we observe 5d-4f electronic scattering to excite about
20% of the atoms in the probed volume. In addition, it is relevant:
The altered spin and orbital angular momenta of the excited 4f
electronic state affect the coupling of the 4f magnetic system to
the environment. Density functional theory (DFT) calculations
show that the observed orbital transitions can affect the magneto-
crystalline anisotropy (MCA) such that the magnetic easy axis
locally flips on a femtosecond timescale.
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RESULTS

Time-resolved XAS and RIXS

As depicted by the experimental scheme in Fig. 1B, we recorded
XAS spectra by probing the transmission through a thin Tb layer
deposited on a silicon nitride membrane. We excited our sample
with 800-nm-laser pulses (1.55 eV) and probed the XAS signal with
monochromatized x-ray pulses from EuXFEL (see Materials and
Methods). Time and energy resolution in the experiment was 65 fs
and 350 meV, respectively. Figure 2A shows spectra recorded at the
M resonance, a transition into 3d°4f states, which leaves behind a
3dsy, core hole. The blue dots reflect the Tb M; absorption spectrum
with 4f electrons in the 4f° " Fg ground state (“unpumped”). Recorded
150 fs after near-IR-laser excitation the orange dots (“pumped”)
show a spectrum with varied line shape, indicating that pumping
has changed the 4f electronic state. A reference measurement on Gd
under identical conditions [see the Supplementary Materials, fig. S1]
shows no pump effect in the XAS signal. As we explain further below,
this confirms that the effects seen for Tb XAS are, in fact, caused by
changes of the 4f electronic structure.

In the RIXS setup shown in Fig. 1C, we excited a Tb metal layer
epitaxially grown on a W(110) crystal with 1030-nm laser pulses
(1.2 eV) and recorded the RIXS signal with monochromatic x-ray
pulses from FLASH (see Materials and Methods). The time resolu-
tion was 300 fs, and we recorded spectra with an energy resolution
of 140 meV. The RIXS spectra measured at the Ny 5 (4d — 4f) transi-
tion (147.2 eV) are shown in Fig. 2B; the peaks in the spectra are

MonochromatOr

Fig. 1. XAS Tb Ms and RIXS Tb N, s experiment. (A) Scheme of the optical transitions in the x-ray absorption (XAS) and RIXS experiment. The black lines illustrate
the energy levels in the 4f® multiplet. (B) Sketch of the XAS experiment. Following the excitation with 1.55-eV photons, the transient absorption log(i/lo) is probed
at the Tb Ms edge in transmission geometry with 350-meV energy and 65-fs time resolution. The x-ray gas monitor is used to measure the incident intensity /o. With
the transmission intensity monitor, we determine the sample transmission /1. (C) Sketch of the RIXS experiment. After exciting the sample with 1.2-eV-laser pulses,
the RIXS signal is probed with x-ray pulses at the Tb N45 resonance and with a time resolution of 300 fs. With the TRIXS grating spectrometer, we achieve an energy

resolution of 140 meV.
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Fig. 2. Pump-induced changes in the XAS Tb M5 and RIXS Tb N, 5 spectra. (A) XAS spectrum of the Tb M5 edge 150 fs after optical excitation (orange) in comparison to
the spectrum for the unpumped sample (blue). The vertical line indicates the energy at which we recorded the pump-probe-delay trace (Fig. 3). (B) N4 5 edge RIXS signal
measured with 147.2-eV pulses for the unpumped Tb sample (blue) and 300 fs after pump-pulse excitation (orange). The hatched area marks the energy-loss window, over
which we integrated the data to study the pump-probe-delay dependence (Fig. 3). (C) Simulation of the Tb Ms spectra based on atomistic calculations. The blue line shows
the pure Tb 48 7F6 ground-state spectrum. The orange line shows the ground-state spectrum, including admixtures of the excited states 4f 857/2, 4f8 7F5 and 4f° 6H15/2.
(D) Atomistic RIXS calculations for the pure 4f%7F¢ ground state (blue line) and with admixture of the 4f%7F; states (orange line). Horizontal arrows depict the shift of the
main features by 0.26 eV ("Fs — ’Fs). (E) Differential x-ray absorption, i.e., the relative change of the XAS signal between pumped and unpumped sample (black dots).
Solid lines are fits based on atomistic calculations of the ’Fg ground state with admixtures of 4f87F; (purple) and 4f 8S;,,, 4f87Fs, 4f°®Hys), (blue). The dashed purple line
is a fit assuming thermal occupation of the 4f® multiplets. The vertical line indicates the energy at which we recorded the pump-probe-delay dependence. (F) Differential
RIXS, i.e., the relative change of the RIXS signal between pumped and unpumped sample (black dots). The green line depicts the relative change between the calculated
spectra in (D). Pump-probe delay-dependent data in Fig. 3 stem from integration over the energy-loss window marked by the hatched area.
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related to electronic transitions into different final states in the 4f
shell (Fig. 1A). The orange dots represent the spectrum 300 fs after
excitation with the pump-laser pulse (pumped), which differs from
that of the sample in the 4f®F, ground state (blue dots, unpumped).
Both spectra are plotted over energy loss, i.e., the energy difference
between incoming and scattered photons. The spectrum of the
pumped sample shows a transfer of intensity from the main features
at 2.7 and 3.4 eV to losses of around 2.4 and 3.1 eV, respectively,
again indicating an excited 4f initial state.

To identify the particular excitations in the 4f multiplet, we
describe the 4f ground- and excited-state XAS and RIXS spectra
with atomic multiplet calculations (27, 28) (see Supplementary
Materials for details). On the basis of these calculated spectra, we
simulate the spectra for the pumped and unpumped sample (see
Fig. 2, C and D), as well as the differential change (relative change
compared to the ground-state spectrum in %) in XAS and RIXS,
respectively (see Fig. 2, E and F).

4f-5d inelastic scattering

We start with analyzing the RIXS spectra presented in Fig. 2B. The
main pump-induced change is a shift of the two ground-state RIXS
features at around 2.64 and 3.4 eV by about 0.26 eV to lower ener-
gies (black horizontal arrows in Fig. 2D). The observed energy dif-
ference matches the lowest-lying multiplet excitation that involves a
change of J in the Tb 4f8 multiplets ("Fs — "Fs, AJ= —1). We verify
this interpretation by the simulation shown in Fig. 2 (D and F). We
can reproduce the pump-induced spectral changes by including an
admixture of 4f excited states to the description of the ground-state
spectrum. As depicted by the orange line in Fig. 2D and the green
line in Fig. 2F, adding a contribution of about 5% ’Fs to the "Fg
ground-state spectrum (blue line in Fig. 2D) yields already a reason-
ably good description of the transient changes in the RIXS data.

The RIXS cross section for specific 4f multiplets across the Tb
Ny 5 resonance strongly depends on the incoming photon energy;
their spectral weight is therefore not a good measure of the admix-
ture of excited states in the probed volume. We better quantify the
overall contribution of “Fs excitations from the XAS spectra mea-
sured at 150-fs pump-probe delay (Fig. 2A). The purple solid line in
Fig. 2E with an admixture of about (16 + 1) % 7Fs qualitatively de-
scribes the overall shape of the differential absorption, thus giving a
measure of the total contribution of Fs excited states at 150-fs delay.

How is this excitation possible? As argued above, 4f-4f transi-
tions directly induced by the pump pulse are negligible. For optical
d-f excitations from the itinerant 5d valence states into the localized
4f states or vice versa, our pump-laser-photon energies are too low:
These excitations require energies of 2.8 and 2.3 eV, respectively
(29), while we pump with 1.55-eV photons for XAS and 1.2-eV pho-
tons for RIXS (two-photon absorption processes are negligible un-
der our experimental conditions; see Supplementary Materials). The
pump-laser excitation hence cannot alter the 4f state directly, but it
heats the valence electrons of mixed 5d and 6s character, which then
can transfer the excitation to the 4f system.

The idea that such a 5d6s-4f energy transfer is the relevant pro-
cess here, is revealed by the temporal evolution of XAS and RIXS
spectral changes. In Fig. 3, we present the differential absorption
measured at 1236 eV (marked by the vertical line in Fig. 2, A and E)
versus the delay between the IR-pump and x-ray-probe pulse (black
data points). The absorption at this energy drops rapidly with a
decay constant of 70 fs, reaches a maximum deviation from the

Thielemann-Kiihn et al., Sci. Adv. 10, eadk9522 (2024) 17 April 2024
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Fig. 3. Pump-probe delay-dependent changes in XAS Tb Ms and RIXS Th N, 5
spectra. Differential XAS (black dots) and RIXS signal (green markers) as a function
of pump-probe delay. The XAS signal was measured at a photon energy of 1236 eV
(vertical lines in Fig. 2, A and E). The RIXS signal is integrated over the energy loss
region 2.7 to 3.2 eV as marked in Fig. 2 (B and F). For comparison with XAS data, the
y-scale is inverted. The 5d6s electron temperature T (blue solid line) has been cal-
culated by the two-temperature model (see Supplementary Materials). The black
solid line depicts the temperature evolution of those electrons that can actually
induce the 4f excitation observed in XAS. The colored bars indicate the time inter-
vals over which we integrated the differential absorption shown in Fig. 5 (B and C).

ground state of 3% after 200 fs, and recovers with a time constant
of about 3 ps (see Supplementary Materials, fig. S2). The transient
change in the energy-loss region 2.7 to 3.2 eV of the RIXS spectra
(hatched area in Fig. 2, B and F) recorded with a lower time resolution
of 300 fs follows the same trend (see Fig. 3, green markers). These
observed timescales resemble those for optically excited valence
electrons in metals (30, 31): The blue line in Fig. 3 shows the
temperature of the 5d6s electronic system calculated with a two-
temperature model (2TM), involving 5d6s electrons and phonons
(see Supplementary Materials). The electron-temperature curve
qualitatively matches the transient differential change in the XAS
and RIXS signal at 1236 eV. We infer that the 4f multiplet is only
excited in the presence of hot 5d6s electrons. We assign the mecha-
nism for the "Fs — 'Fs excitations in the 4f shell to inelastic 5d-4f
electronic scattering, involving transfer of energy and angular
momentum from the optically excited 5d6s electrons to the 4f
system. As only 5d6s electrons with enough energy can induce the
4f transition, we better compare the differential spectral changes
with the transient population of those hot electrons, that actually
can transfer the energy required for the “Fs — ’Fj transition by fill-
ing a 5d holes at respectively lower energies (black line in Fig. 3; see
Supplementary Materials for details). This curve yields an even
better fit to the XAS and RIXS data, supporting our assumption
about the underlying scattering process.

In Fig. 4, we illustrate the supposed mechanism in a total-energy
scheme for the relevant channels in XAS and RIXS, explaining the
spectroscopic signatures of the 4f-multiplet excitation. In XAS at
the M5 resonance 3d electrons are excited from the initial state
3d104d104f8(5d65)3 to the 3d94f9 final states (purple arrows). In RIXS
at the N, edge, 4d electrons are excited from the initial state
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Fig. 4. Total-energy scheme of the transitions involved in the XAS and RIXS experiment. Left: 3d (4d) electrons are excited at the Ms (N4) resonance in XAS (RIXS),
provoking a transition from the initial state 3d'°4d'°4f8(5d6s)? to 3d°4f° final (4d°4f° intermediate) states [purple (blue) arrows]. In the initial state, the 4f8 electrons oc-
cupy the 7Fg ground-state multiplet. The intermediate state in RIXS decays to a final state involving the °Ds multiplet (energy loss = 2.64 eV; compare RIXS spectra in
Fig. 2B). Optical excitation by the pump laser elevates the full electron system from the ground state (red arrow) by exciting the (5d6s)* electrons. Middle: The hot [(5d65)*]"
electrons rapidly thermalize to a Fermi distribution (red area). Via inelastic electronic 5d-4f scattering (Feynman diagram) energy and angular momentum is transferred
between the (5d6s)° and 4f2 electronic system. This leads to a /Fs — ’Fs transition (0.26 eV) with the 5d electron filling a hole of lower energy (-0.26 eV). Right: When the
initial state for RIXS has changed to the higher lying ’Fs multiplet, the RIXS feature associated with the decay to °Dy shifts by 0.26 eV to smaller energy losses. The XAS

spectral shape changes compared to that from the ”Fg state (Fig. 2C and fig. S4 in the Supplementary Materials).

3d"%4d"°4f8(5d6s)* to the 4d°4f° intermediate states (blue arrows).
In the Tb ground state, the 4f° electrons occupy the ’Fg multiplet.
Optical excitation by the pump laser elevates the complete ground state
(red arrow) by exciting the (5d6s)* electrons. They rapidly thermalize by
screened Coulomb interaction and become Fermi distributed (indi-
cated by the red area in the middle section of Fig. 4). By inelastic
electronic 5d-4f scattering (Feynman diagram in the top middle
section), energy and angular momentum are transferred between
the (5d6s) and 4f® electronic system. A 4f electron is excited from
"Fs to "Fs, and a 5d electron fills a hole of lower energy. On sites
where this happens, the initial state in XAS and RIXS changes (right
side of Fig. 4). In XAS, this affects the spectral line shape (compare
Fig. 2A). In RIXS, the raise of the initial state energy causes a red
shift of the energy loss features (compare Fig. 2, B and D, with the
energy loss values given in the right section of Fig. 4). The 'Fs — "Fs
transition implies a change of angular momentum AJ = —1. A spin
flip, and altering the 5d spin by AS = 1 would conserve the total
angular momentum in the scattering process.

How about the excitations of energetically higher lying multi-
plets “Fy with J = 4,3,2,1,02 Such transitions require an angular
momentum transfer A] < —1. Either multiple 5d-4f electronic scat-
tering events each involving AS = 1 or a transfer of angular momen-
tum from the reservoir of quenched 5d orbital momenta might
permit higher AJ changes. Including the contribution of higher 4f®
multiplets to the pumped XAS spectrum (assuming a thermal oc-
cupation, weighted with a Boltzmann factor and degeneracy 2] + 1;
see Supplementary Materials for details) improves the fit to the dif-
ferential XAS (dashed purple line in Fig. 2E). Also, the asymmetric

Thielemann-Kiihn et al., Sci. Adv. 10, eadk9522 (2024) 17 April 2024

peak profile in the differential RIXS (black markers in Fig. 2F) could
come from energetically higher lying excitations within the 4f states.
Yet, with the presently available experimental data, we cannot an-
swer the question unequivocally: The slightly better fit to the XAS
data does not really prove these transitions, and the discontinues
variation of energy resolution along the energy axis in the RIXS
spectra makes the detection of the corresponding RIXS features dif-
ficult. We further found no evidence for these higher 4f® states from
features on the anti-Stokes side of the spectra (see Supplementary
Materials for details). However, we find indications for other 4f exci-
tations as we discuss in the following.

5d-4f electron transfer

We notice that the shape of the pumped XAS spectrum is not
constant but changes with pump-probe delay. Figure 5A pres-
ents an energy vs. delay map illustrating the differential absorp-
tion up to 430 fs after pumping. Difference spectra (dots in
Fig. 5, B and C) averaged over two successive delay ranges I and
IT (marked in Fig. 5A by black vertical lines and color-coded in
Fig. 3) show that the dip at 1235.8 eV becomes more pronounced
at larger pump-probe delays while the one at 1237.5 eV changes
only slightly: Obviously, the 4f state evolves in time. The simu-
lated differential XAS changes from excitation of higher 'F;
multiplets (J = 4,3,2,1,0) do not explain the evolution of the pro-
nounced pump effect at 1235.8 eV (see Supplementary Materials
for spectral contribution of different “F; multiplets). There-
fore, we discuss the possibility of excitation into 4f° and 4f’
multiplets.
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tion shown in (B) [4f” 857/2 (2.8 + 0.2%), 4f° ’F5 (19.7 + 0.8%), and 4f° 6H15/2 (4.8 + 0.4%)]. (D) Within 100 fs after optical excitation, 5d valence electrons form a hot Fermi
distribution (dark gray area). Besides ’Fs contributions from inelastic 5d-4f scattering, 5d-4f electron transfer possibly leads to 4f” and 4f° final states. The lower panel

shows the 857/2 final state of photoemission at 2.3 eV below E¢ and the 6H15/2 final state of inverse photoemission at 2.8 eV above Ef (29). DOS, density of states.

The pump-excitation energy in our experiment is not sufficient
to directly excite states with varied 4f electron number: The transi-
tions to a 4f9 (6H 15/2) OF 4f7 (®S72) multiplet requires 2.8 and 2.3 eV,
respectively (29). However, once thermalized, the Fermi distribu-
tion of the hot valence electrons extends beyond the initial pump
energy; electrons at 2.8 eV above the Fermi energy can fill an empty
4f state, and holes 2.3 eV below Ep can accept the most lightly bound
minority spin electron of Tb via elastic tunneling processes (see il-
lustration in Fig. 5D).

By including 4f° and 4f” multiplets in our XAS simulation, we can
achieve a quantitative description of the reported spectral changes at
150-fs delay in Fig. 2A. The best fit (blue solid line in Fig. 2E) con-
tains (20 + 1) % of the ’Fs excited 4f8 states and (4.5 + 0.7) % of4f9
and (3.3 + 0.2) % of 4f7 electron-transfer contributions. We find our
assumption of 4f” and 4f° contributions supported by the spectral
changes on short delay scales presented in Fig. 5. As these states be-
come populated only after the 5d6s-electron system has thermalized,
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we expect lower contributions before the maximum electron tem-
perature is reached. We can describe the spectral changes with delay
in Fig. 5 (B and C) by different 4f” and 4f° contributions (solid lines).
The 4f° weight grows from (1.2 + 0.5) % in interval I to (4.8 = 0.4) %
in interval 11, for 4f7 it grows from (2 + 0.2) % to (2.8 + 0.2) %.

Including 4f” and 4f° multiplets in the simulation requires some
assumptions. The spectral shape itself can readily be simulated (and
experimentally observed in Gd and Dy, respectively). Unlike for the
orbital-excited 4f® states, though, our atomic multiplet calculation
does not provide the energy position of the 4f” and 4f° multiplets
relative to 4f°. The relative energy depends critically on core-hole
screening, which is altered by adding or removing a localized 4f
electron. We determined the effect on the core-hole screening by
optimizing the energy shift to match the experimental data (see
Supplementary Materials for details).

There are issues with the 5d-4f electron transfer interpretation
that we discuss in the following: First, only about 0.1% of the 5d

60f 10

620z ‘0T Afenuer uo Howo a1feuT pun UsIR LB 1) Uljeg WNNUSZ-Z1 oYW PH 12 BI0'80Us 105 MMM//SAdNY WoJ) pepeo jumod



SCIENCE ADVANCES | RESEARCH ARTICLE

electrons/holes at 4000 K (peak temperature from the 2TM calcu-
lations) will exhibit energies compatible with respective tunneling
processes. To cause the observed effects, this channel must be very
efficient. This at least is possible as the coupling between 5d and 4f
states is rather strong (32). Second, we observe no indications of
4f-5d transitions in the RIXS data. As stated above, however, the
RIXS cross section for specific 4f multiplets strongly varies with
x-ray energy. We may have just missed these excitations with the
particular photon energy of 147.2 eV. Last, the contribution of the
4f° seems to increase more than that of the 4f” when going to lon-
ger delays. We speculate that this may be related to the different 5d
density of states below and above Ep, affecting the 5d-4f overlap.
We note here again that there is no common way to describe both
the 4f and 5d electronic structure of RE metals in the same model
and that a quantitative calculation of d-f scattering and electron
transfer is currently beyond the state-of-the-art.

For Gd, which we used for a reference XAS measurement (see
Supplementary Materials, fig. S1), all the excitations discussed for
Tb would occur at much higher energies; the lowest possible exci-
tation out of the %Sy, 4f multiplet requires an energy of 4.1 eV
(29). The fact that we observe no spectral change in Gd XAS
shows that all changes seen in Tb XAS are related to 4f electronic
changes and not caused by other pump effects.

DISCUSSION

Transient angular momentum change

While open questions remain for the excitations of higher 4f®
multiplets and the 5d-4f electron transfer, the XAS and RIXS data
show the 4f® ’Fs — "Fs multiplet excitation without any doubt as
the dominant effect. This helps understanding angular momen-
tum transfer in nonequilibrium magnetization dynamics of Tb
and other RE ions. Excitations of 4f state need to be included in a
full description of nonequilibrium processes, particularly be-
cause they could affect the coupling between the 4f system and
the lattice, an important channel in magnetic dynamics of RE
metals (3, 7).

The effect of 4f orbital excitation goes beyond a mere rescaling of
the 4f-phonon coupling. We validate this effect by investigating the
influence of the 4f 8 7F, excited states on the MCA. At room tem-
perature in the paramagnetic phase of Tb, all mjlevels (J=—6 ... +6)
of the "Fg multiplet are occupied (17). In the ferromagnetic phase at
low temperatures, the m; level splitting increases and the energeti-
cally lowest configuration mj = 6 (mg = 3, m; = 3) becomes prefer-
entially occupied. To estimate the MCA change, we compare a Tb
mg = 3 ground state with an m, = 2 state, which (together with
spin-flip m; = 2 states) forms the lowest m; = 5 level of the 4f® "Fs
multiplet: [my =5 > = 1/4/2 |me = 2, mg=3 > + 1/4/2 |my = 3,
ms =2 >. From the m, = 2 contributions, we expect a minor impact
on the MCA but a considerable one from m, = 2. We therefore de-
termined the MCA for the Tb m; = 3 ground state and the m; = 2
excited state from all-electron first-principles calculations (see
Materials and Methods). For the ground state, our ab initio calcula-
tions provide an MCA of 15 meV per atom with a preferential ori-
entation of magnetic moments (easy axis) in the hcp basal plane
along the crystallographic a axis, both of which are consistent with
experiment (33). When we modify the minority Tb 4f-electron oc-
cupation to the m, = 2 state and perform a one-step calculation of
the total energies, we find a rotation of the easy axis: magnetization
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along the ¢ axis perpendicular to the basal plane becomes favorable.
We verified this result by creating a self-consistent state with domi-
nant mg = 2 occupation by modifying the Coulomb repulsion be-
tween the 4f electrons (adjustment of Hubbard U), which, likewise
flips the easy axis.

While we could prove the ’Fs — ’Fs transition, the data indicate
additional 4f excitations with minor weight and a time-dependent
contribution of different excited states. In addition to the changes of
the MCA, also contributions to ultrafast demagnetization could
matter, e.g., by thermal occupation of the 4f states or via electron-
transfer transitions. The latter could principally quench the MCA by
orders of magnitude by creating Gd-like configurations (7).

Our work stands apart from studies on 4f orthoferrites, where
the RE ions (R) are placed in noncentrosymmetric positions of the
RFeOj; crystal lattice (34-38). As a consequence of symmetry break-
ing, resonantly driven electric dipole transitions dominate the ob-
served dynamics. A resulting change of MCA provokes reorientation
of the Fe spins in the crystal lattice; a transition which is also in-
duced by thermal heating (39). We report on an ultrafast change of
4f orbital states, based on inelastic electron-electron scattering be-
tween itinerant 54 and localized 4f electrons.

Perspectives

In the Tb XAS experiment we altered the 4f state of about 20% of all
atoms (compare best fit, blue solid lines in Fig. 2E), which is quite
sizeable. With a simple estimate, we find a transfer of roughly 10% of
the absorbed laser energy into the 4f system (see Supplementary
Materials). The excitation density might be further enhanced and
specific transitions selectively driven by resonant pump-laser excita-
tion. Shaping of the valence band structure by combining, e.g., 3d
and 4f metals in alloys or multilayers could also affect the efficiency
and selectivity of the 4f electronic excitations.

Our findings are particularly relevant in view of recent reports
on all-optical switching (AOS) in Tb-based compounds (40-42).
Compared to AOS materials comprising magnetically soft Gd, the
strong MCA in Tb promises stable domains on the nanometer scale.
The dynamics, however, appear to be more intricate in Tb-based
systems; the accepted model describing AOS in Gd-based com-
pounds fails. Our conclusion about the suppressed 4f excitations in
Gd and their dominant contribution in Tb gives another context to
the discussion on AOS in Tb-based compounds.

Our findings identify a fundamental excitation mechanism,
based on 5d-4f inelastic electronic scattering. This so far disre-
garded process is highly relevant for optically induced magnetiza-
tion dynamics in 4f metals and their compounds, as it provides
basic insights to atomic spin and orbital dynamics, as well as to
nonequilibrium 5d-4f coupling mechanisms. The presented elec-
tronic scattering channel might be exploited to optically control
material parameters in magnetically ordered metals and further
correlated materials. The ultrafast handle to transiently manipu-
late MCA may be functionalized for, e.g., writing bits in high den-
sity magnetic storage devices.

MATERIALS AND METHODS

X-ray absorption at the SCS station of EuXFEL

We performed the x-ray absorption experiment at the EuXFEL
SCS Instrument (43), making use of the high energy resolution (E/
AE = 3500) in the energy range around the Tb and Gd 3d to 4f
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(Ms,4) resonances. We recorded high-resolution x-ray absorption
spectra using the x-ray gas monitor for measurement of the inci-
dent intensity Iy and the transmission intensity monitor—a cwd
diamond scintillator—to determine the sample transmission
It. The XAS signals (Fig. 2A) are calculated via -log(Ir/Ip). The
time-resolved XAS measurements were performed with 350-meV
energy resolution. The 65-fs time resolution was determined by
cross-correlation of optical pump and x-ray probe pulses. For longer
intervals of data recording, the time resolution was 100 to 200 fs
(data shown in Fig. 5). For exciting the samples, we used 800-nm
pulses (hv = 1.55 eV) from the SASE3 PP laser system. The inci-
dent pump fluence was (10 + 2) mJ/cm?. The laser-spot size was
(0.28 x 0.2) mm? and thus larger than the x-ray-probe beam of
(0.1 x 0.1) mm?, ensuring a nearly homogeneous excitation profile
in the x-ray spot.

RIXS at the PG1 beamline of FLASH |

We conducted the RIXS experiments at the PG1-TRIXS permanent
end station (44) (RIXS spectrometer for Time-resolved Resonant
X-Ray Scattering) located at FLASH. The PG1 beamline can reach
energies from 36 to 250 eV with high intensity and an energy resolu-
tion of about 0.07%, ideal for investigating RIXS at the Ny s reso-
nance of Tb around 147 eV. The experiment was performed at a
grazing incident angle of about 25°, and photons were collected un-
der 105° with respect to the sample surface. The outgoing photons
are dispersed according to their energy by a grating spectrometer
and recorded on an x-ray charge-coupled device camera. In focus,
the RIXS grating spectrometer provides a resolution of about
100 meV/px at 147 eV, corresponding to about 140-meV total reso-
lution in the spectrum. Off-focus, the resolving power decreases
according to the dispersion and because of the refocusing off-axial
parabolic mirror. This results in a variation of the energy resolution
across the probed energy-loss region. For the RIXS data shown in
Fig. 2 (B and F), the spectrometer focus was optimized at 2.5-eV
energy loss. For pumping, we used near-IR-laser pulses of 1030-nm
wavelength (hv = 1.2 eV) and achieved a time resolution of 300 fs
(45). The incident pump fluence was 20 mJ/cm® The laser-spot size
was (150 X 150) pm?, and the x-ray probe beam on the sample
was (20 X 40) pm’, ensuring a nearly homogeneous pump profile
within the probed area. To record time traces (Fig. 3), we used a
delay hopping routine randomly switching between delays to ex-
clude unknown cross-correlations.

Statistical analysis

For the XAS and RIXS signals from the pumped and unpumped
samples, we take the SE for absorption and scattered signal, respec-
tively. For the differential change of the signals (Figs. 2, E and F, and
3), we deduce uncertainties from error propagation. The uncertain-
ties for the differential change of absorption in the time intervals I
and II of the energy-delay map (Fig. 5, B and C) stem from the SD
in each energy-delay bin.

Samples

In the XAS experiment, we studied polycrystalline Tb and Gd trans-
mission samples of 10-nm thickness. To prevent oxidation, the RE
metal was sandwiched between yttrium layers. The samples were
grown on an aluminum heat sink on a silicon nitride membrane,
resulting in the following structure Y(2)/RE(10)/Y(25)/Al(300)/
SiN(100), where RE = Tb and Gd. Numbers in brackets give the
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layer thickness in nanometers. The Tb and Gd samples were mea-
sured at room temperature in the paramagnetic phase.

For the RIXS study, we grew a thicker Tb film (40 nm) to maxi-
mize the number of absorbed photons and therewith the count rate
in the RIXS signal. The film was grown by molecular beam epitaxy
(MBE) on a W(110) single crystal, prepared and characterized by
x-ray magnetic circular dichroism at the PM3 beamline of BESSY II
(Helmholtz-Zentrum Berlin) (46). To prevent the Tb film from
oxidation, the sample was capped with a sputtered 4-nm layer of
Ta resulting in the following sample composition: Ta(4 nm)/
Tb(40 nm)/W(110). The RIXS measurements were performed in
the paramagnetic phase of Tb at room temperature.

Atomic multiplet calculations of M, s edge XAS and

N, 5 edge RIXS

Because of the localized character of the 4f states, the shape of the
absorption multiplets can be simulated even for laser-excited sam-
ples (27). The atomic multiplet calculations are performed using the
Quanty simulation package (47-49). Details on the quantum chem-
ical treatment of the atomic multiplet calculations of the x-ray spec-
tra can be found in sections S4 to S6 of the Supplementary Text as
well as in the book by de Groot and Kotani (27, 50). We do not
simulate 4f-5d interaction; we calculate atomistic XAS and RIXS
spectra for different 4f configuration and occupation, which are
superposed to describe the spectral changes.

For our approach in treating the x-ray absorption cross section,
it is assumed that for 4f RE compounds, the 4f-4f as well as the 3d-
4f-two-particle interactions are most important for the description
of the Mys (3d) x-ray absorption spectrum. Because of the large
wave-function overlap, the dipole term is dominated by 4f” to 3d
%4f"*! transitions. The calculations are based on spherical wave
functions; a good approximation as spin-orbit interaction domi-
nates crystal-field (CF) effects in RE 4f metals. The interactions be-
tween the 3d core and 4f states in these atomic multiplet calculations
are explicitly taken into account via the so-called Slater-Condon
parameters. The Slater-Condon parameters used in this work were
taken from Thole’s multiplet extension (51) to the Cowan code (52),
which underlies the CTM4XAS interface maintained by de Groot
(50). The complete set of values can be found in tables S1 to S3.
To correct for the Hartree-Fock overestimation of electron-electron
interaction, the Slater reduction factors were set to Fg = 0.61,
Gar=0.70, and Fyr= 0.80 for the M, 5 edge XAS calculations.

For the simulation of RIXS at the Nys edge, the Kramers-
Heisenberg formula was applied. The scattering geometry was set to
105° emission and 25° incident angles according to the experimental
setup. The reduction factors were set to Fff2 = 0.80, Fff4 =0.91 and
Fff6 =0.91, Ggr= 0.60 and Fz= 0.60 for the N, 5 edge calculations.

DFT calculations

We performed DFT calculations, using the full-potential linear aug-
mented plane wave method in the local spin-density approximation
(LSDA), as implemented in the programs ELK (53) and WIEN2k
(54). Spin-orbit coupling is crucial in 4f systems, where it is stronger
than the CF and has been included in the calculations. The full
Brillouin zone has been sampled by about 2000 k-points. Strong
electron-electron correlations present in the Tb 4f states were in-
cluded in terms of the Hubbard correction U and Hund’s parameter
J (55). The DFT + U double counting was treated in the fully local-
ized limit. For U=9 eV and ] = 0.5 eV, we obtain the self-consistent
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ground-state Tb configuration with mg = 3 and 15-meV MCA. The
Tb configuration with m, = 2 is self-consistently obtained for
U=4¢eV and J= 0.5 eV. In the calculations where the m; = 2 con-
figuration was enforced without changing U, we used the magnetic
force theorem to obtain the MCA through a one-step total energy
calculation. For the MCA calculations, an increased accuracy of the
muffin-tin potential and charge density expansion into spherical
harmonics was used, with £ = 14. MCA calculations for 4f-based
systems are often performed by mapping the full Hamiltonian to a
CF Hamiltonian, where DFT calculations essentially provide the
relevant CF parameters. The inaccuracies introduced by this map-
ping have been compared previously to LSDA-based calculations
(56, 57) or DFT + U calculations similar to ours (58). These ap-
proaches involve different approximations; for example, the CF
mapping assumes that the CF is independent of the orientation of
the 4f shell. On the other hand, the DFT + U calculations are highly
sensitive to the choice of U.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S11

Tables S1to S6

Code S1
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