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Magnons and phonons are elementary excitations of spin and lattice systems that can form a hybrid quasi-
particle in the presence of strong magnetoelastic coupling. Here we use spin-, angle-, and energy-resolved
photoemission spectroscopy to show that magnon-phonon hybridization plays an important role for the relaxation
of the electron surface-state in Tb, opening both majority and minority spin channels in electron-phonon
scattering. This is attributed to the strong 4 f spin-orbit coupling, as evidenced by a comparison of the lifetime
broadening in the occupied surface states of Gd and Tb. Both ferromagnetic metals have a comparable valence
electronic structure, but the magnetocrystalline anisotropy is much stronger in Tb as compared to Gd. Conse-
quently, in Gd electron-phonon and electron-magnon scatterings lead to spin-dependent photohole relaxation
rates. Unlike in Gd, the lifetime broadening of the occupied surface state in Tb is only weakly spin dependent
and the mass enhancement parameter λ is twice the spin-averaged value of Gd. This difference in phase space
is explained by the intimate coupling of phonons and magnons to form magnon polarons, which opens both
minority and majority spin bands as decay channels.

DOI: 10.1103/PhysRevB.104.024434

I. INTRODUCTION

When magnons and phonons are strongly interacting due
to large magnetoelastic coupling in magnetic materials, hy-
bridized modes, i.e., the coupled propagation of spin and
elastic waves emerge at the crossing points of otherwise
undisturbed magnon and phonon branches [1]. Such magnon
polarons have been shown to facilitate spin control in oxides
such as yttrium iron garnet [2] and can further lead to an
enhancement of spin pumping and spin Seebeck effect in re-
gions where phonon and magnon dispersions hybridize [3,4].
In contrast to this in ferromagnetic metals the magnetization
dynamics are usually determined by the valence electronic
system. Conduction electrons allow for spin transport via su-
perdiffusive currents [5] and electron-phonon scattering leads
to local spin flips and effective transfer of angular momentum
to the lattice [6]. As these processes are intrinsically ultrafast
they dominate spin dynamics on the femtosecond timescale.
Generally it is argued that direct spin-lattice coupling leads to
slower picosecond dynamics [7–9]. It allows us, for example,
to control the magnetization by acoustic pulses modifying
the magnetocrystalline anisotropy without heating the sample
[10,11].

An obvious question is, what happens to electronic excita-
tions in ferromagnetic metals when phonons and magnons are
strongly coupled? To study the effect of spin-lattice coupling
on spin-dependent electron dynamics, rare-earth metals are
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excellent model systems as their magnetic properties strongly
depend on 4 f electron occupancy while lattice vibrational
modes vary weakly [12,13]. In particular, rare-earth metals
have large magnetoelastic coefficients due to the large 4 f
orbital momentum of the ions, with the exception of Gd where
the 4 f orbital is exactly half filled and the orbital momen-
tum disappears (L = 0) [12]. Very early studies by inelastic
neutron scattering have shown strong spin-lattice coupling,
for example in Tb, directly evidenced by avoided crossings
of magnon and phonon dispersion branches [12]. Eschenlohr
et al. reported a two-step demagnetization in Gd1−xTbx al-
loys where the second step varies with the Tb concentration.
This change in the demagnetization has been attributed to the
strong 4 f spin-lattice coupling of the Tb atoms [9]. Our recent
study suggests that already the fs-demagnetization in Tb is
launched by 4 f spin-lattice coupling via ultrafast magnon
generation thereby showing a clear difference to Gd [14].
Nevertheless, direct evidence of the effect of 4 f spin-lattice
coupling on the magnetic moments of the 5d valence states
near the Fermi surface remains elusive. This is of great impor-
tance to fully understand ultrafast magnetization dynamics as
spins from different bands, e.g., from surface and bulk states
seem to behave quite differently [15,16].

In this work we use spin-, angle-, and energy-resolved
photoemission spectroscopy (PES) to study the role of
magnon-phonon coupling in photohole relaxation by compar-
ing the occupied component of the 5dz2 surface state of Gd
and Tb. At finite temperature the surface state shows spin
mixing, which allows us to study the linewidth � of both
its minority and majority spin components. We observe that
below the bulk Debye temperature �D ∼ 160 K, the spin
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minority component of the Gd surface state exhibits a larger
linewidth than its majority counterpart �min > �maj [17,18].
Albeit less pronounced, this difference is also observed for
Tb and attributed to electron-magnon scattering. With in-
creasing temperature (T � �D), spin-mixing increases and
electron-phonon scattering becomes dominant. Gd shows a
spin-dependent mass-enhancement parameter λ with the in-
crease in linewidth (d�/dT ∝ λ) which is larger for the
spin-majority channel (λmaj > λmin). In contrast to this no
spin dependency of λ has been observed for the Tb surface
state. Furthermore, our experimentally determined value of
lambda is twice as large as the spin-averaged value of Gd. This
suggests that in Tb electron-phonon scattering goes hand in
hand with magnon emission and absorption, i.e., the formation
of magnon polarons opens both spin channels for photohole
relaxation.

II. EXPERIMENTAL METHODS

In the PES measurements we ionize the weakly bound
surface states of Gd and Tb by laser pulses with a photon
energy of 4.62 eV. The ultraviolet pulses are obtained via
third harmonic generation of the 1.55 eV fundamental of a
Ti:sapphire laser oscillator. The photo-emitted electrons are
collected by a cylindric sector analyzer (CSA 300, Focus)
and guided to the spin detector, which uses back reflection
at an oxygen-passivated Fe/W(001) target [19]. Exchange
scattering at the Fe film in combination with the 80 MHz rep-
etition rate of the laser setup are essential to achieve sufficient
statistics to determine the spin dependence of the surface state
linewidth.

Hexagonal close-packed Gd and Tb thin films with (0001)
orientation were prepared on a W(110) substrate by molecular
beam epitaxy at room temperature. The tungsten substrate was
cleaned following the standard recipe [20]. Surface order was
confirmed by low electron energy diffraction (LEED). The
deposition rate was monitored by a quartz microbalance to
obtain a film thickness of 10 nm. To obtain higher crystallinity,
Gd and Tb films were annealed at 780 K and 880 K for 3
and 1 minute, respectively. The pressure during film growth
and PES measurements was 2 × 10−10 and 2 × 10−11 mbar,
respectively. The Gd and Tb magnetic thin films were rema-
nently magnetized in-plane by sending a current pulse through
an airwounded coil inserted below the sample. This leads
to homogeneously magnetized films as also seen from our
magnetic linear dichroism measurements in Refs. [14,21]. The
spin polarization is measured by reverting the magnetization
of the Fe film on the W(001) scattering crystal. All data has
been evaluated assuming a Sherman function of S = 0.23.
Further details of the experiment may be found in Ref. [22].
We used liquid nitrogen to cool the sample and controlled
its temperature by radiation heating using a double-helical
filament to avoid magnetic stray fields. All spectra are taken at
the Brillouin zone (BZ) center � under normal emission with
an angular resolution of ±2.5◦.

III. RESULTS

Figure 1 shows the spin-resolved PE spectra of the surface
state on (a) Gd and (b) Tb for different sample temperatures.

FIG. 1. Spin-resolved photoemission spectra of the dz2 surface
state on (a) Gd and (b) Tb as a function of the binding energy
recorded at selected temperatures. Blue (up) and red (down) trian-
gles represent spin majority and spin minority components of the
occupied surface state, respectively. With increasing temperature the
surface state shows stronger spin mixing. Dashed lines mark the
Fermi energy. The photon energy was 4.62 eV.

The blue (up-pointing) and red (down-pointing) triangles rep-
resent the intensity of the spin majority and spin minority
components, respectively. The lighter red symbols further
represent as well the spin minority component of the surface
state but normalized to its spin majority counterpart by mul-
tiplication. Gd and Tb are prototype systems for spin mixing
[23,24], which manifests inter alia in a finite spin polarization
of the occupied surface state component at finite temperature.
With increasing temperature, the spin polarization drops and
vanishes at the Curie temperature TC of 293 K and 220 K
for Gd and Tb, respectively. At the same time the exchange
splitting remains finite even above TC leading to well sep-
arated occupied and unoccupied components of the surface
state [23]. This spin mixing or band mirroring behavior is
summarized in Fig. 2. The binding energy EB = EF − E of
the occupied surface state in Fig. 2(a) stays clearly below
the Fermi energy EF, while the spin polarization in Fig. 2(b)
vanishes at the Curie temperature TC (indicated by dashed
vertical lines).

As evident from Fig. 1(a) for the Gd surface state below TC

the linewidth of the spin minority channel is larger than the
linewidth of its spin majority counterpart (�min > �maj). This
difference reaches a maximum at low temperatures. At the
same time it is obvious from Fig. 1(b) that the spin majority
and the normalized spin minority components (lighter red
symbols) of the Tb surface state nearly coincide, showing al-
ready in the raw data a similar linewidth for both spin channels
(�min � �maj).

Due to the low photon energy we probe a small par-
allel momentum range of only ±0.03 Å−1. Based on the
small negative dispersion of the surface-state bands on Gd
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FIG. 2. (a) Binding energy and (b) spin polarization of the oc-
cupied dz2 surface state on Gd and Tb as a function of temperature.
The blue solid lines in (b) are fits using the Brillouin function BJ with
J = 7/2 for Gd and J = 6 for Tb.

(m∗ = −1.21 me) [18] and Tb [25] we fitted the spin-resolved
data by a single Lorentzian function representing the surface
state superimposed on a proper linear background and cut
by the Fermi distribution as detailed in the Supplemental
Material (SM) [26]. The fitting function is convolved with
a Gaussian function with a full width at half maximum of
100 meV. The Gaussian represents the total energy resolution
of our experiment set by the cylindrical sector analyzer (deter-
mined by the width of the low energy cutoff and the measured
bandwidth of the ultraviolet (UV) laser pulse, see SM). The
fitted Lorentzian linewidth � as a function of temperature
for Tb and Gd thin films is shown in Figs. 3(a) and 3(b),
respectively.

The linewidth is proportional to the imaginary part of
the self-energy and describes the lifetime broadening h̄/τ

of the excited photohole [17,18]. In general, the linewidth
� of surface states on clean metal surfaces is determined
by electron-electron �e-e and electron-phonon �e-p scattering
[27,28]. In addition, defect scattering can lead to a usually
temperature-independent contribution to the photoemission
linewidth �d [29]. In case of ferromagnetic surfaces electron-
magnon scattering can additionally lead to a spin-dependent
linewidth �e-m [30]. The total linewidth is the sum of these
contributions, which can in part be separated by their different
temperature dependence.

A. Linewidth of the Gd surface state

First, we will concentrate on the linewidth of the Gd
surface state [Fig. 3(a)], which shows a pronounced spin de-
pendence. This must be related to spin-dependent scattering
processes filling the excited photohole.

FIG. 3. Extracted linewidths � of the surface state on (a) Gd
and (b) Tb for both the spin-majority (blue, up-triangle) and
spin-minority (red, down-triangle) components as a function of tem-
perature. The lighter red symbols represent as well the spin minority
component of the surface state but normalized to its spin majority
counterpart by multiplication. For temperatures above T � 180 K,
the linewidth of the Gd surface state scales linearly with temperature
(solid lines). For T � 180 K the linewidth � is obviously larger
for the spin-minority than for the spin-majority channel, indicating
the impact of spin-dependent electron-magnon scattering (magnon
emission and absorption). In contrast, the linewidth of the Tb surface
state shows very weak spin dependence, which we attribute to the
formation of magnon polarons.

Let us start with a Gedanken experiment, the perfect ex-
ample of the ferromagnetic ground state, i.e., for temperature
T → 0. As in the s f model [31] we consider a single valence
electron interacting with the fully aligned 4 f spin systems.
Parallel and antiparallel alignment of the valence-electron
spin with respect to the 4 f spins leads to exchange splitting
of majority and minority spin bands. A spin-flip excitation
of a majority spin valence electron is not possible since an-
gular momentum conservation would require absorption of a
magnon [30], which is not excited in the ground state. As a
consequence the majority spin band is only rigidly shifted.
Spin-flip scattering is only possible for minority valence elec-
trons exciting spin waves in the 4 f system. Depending on
the ratio of exchange interaction J and bandwidth W this
process leads to broadening of the valence band and shifts of
the spectral weight [31]. Considering a fully occupied band
with a single photohole, as in our experiment, we have to
exchange the role of majority and minority spin state. Thus for
T → 0, we would expect contributions of spin-flip scattering
only to the linewidth of the majority spin component due
to magnon emission. As evident from Fig. 3(a) for Gd we
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FIG. 4. Sketch of intra-band scattering processes filling the pho-
tohole (open circle) in the occupied surface state band of Gd (left
column) and Tb (right column). Blue and red colors denote the
spin majority and spin minority components, respectively. The de-
gree of spin mixing of the surface-state band is indicated by the
line thickness. Gd (a) In the temperature range T < �D between
90 and 160 K electron-magnon scattering (ωm) dominates. This
leads in combination with the spin-dependent density of states to
larger lifetime broadening in the spin minority channel �min > �maj.
(b) For T > �D spin conserving electron-phonon scattering dom-
inates and leads to a spin-dependent mass-enhancement parameter
λGd

min < λGd
maj. Tb (c) For T < �D electron-(magnon-polaron) scat-

tering (ωmp) dominates and �min > �maj. (d) For T > �D phonon
scattering and magnon-polaron formation double the phase space for
electron scattering and λTb

min = λTb
maj = (λGd

min + λGd
maj ).

observe the opposite behavior in the temperature range be-
tween 90 and 160 K. The linewidth for the majority spin
component �Gd

maj ∼ 130 meV is smaller than the linewidth of
the minority spin component �Gd

min ∼ 150 meV. For Gd the
maximum magnon energy is around 25 meV [12]. Thus above
90 K (7.5 meV) a sizable fraction of spin waves is already
excited and both magnon emission and absorption will lead
to filling of the excited photohole. Considering intra-band
scattering, i.e., electron and hole stay within the occupied
surface-state band, these processes require only small mo-
mentum transfer and magnon energies. We thus argue that
around 90 K the spin-dependence results from the finite spin
polarization of the surface state. For a spin polarization P of
about 55% we have on average 3.4 times more majority spin
electrons in the spin-mixed surface band than minority spin
electrons [cf. Figs. 1(a) and 2(b)]. As illustrated in Fig. 4(a)
filling of a minority spin photohole at � by magnon absorption
ωm(±q) leads to a majority photohole at E0(� ∓ q) + h̄ωm

(the binding energy of the electron is reduced by magnon
absorption). The opposite process of filling of a majority
spin photohole with a minority spin electron by magnon
emission is less efficient, due to the finite spin polarization.
Besides intra-band scattering, inter-band scattering between
electronic bulk and surface states will contribute to filling of

the photohole. In general the same arguments as for intra-band
scattering will apply, since the bulk density of states is spin
polarized (see Ref. [32], Fig. 3 and Ref. [14], Fig. 8 of the
SM). However, the effect may be less pronounced, since it
requires magnons with larger momentum and thus energy
transfer. For these magnons emission ∝ n + 1 will be stronger
than absorption ∝ n at around 90 K, which counteracts the
effect of the spin polarization [n = (exp(h̄ω/kBT ) − 1)−1 is
the number of excited magnons].

The linewidth of the Gd surface state was previously stud-
ied experimentally and theoretically by Fedorov and Allen
[17,18]. They concluded that at low temperature magnon
emission leads to a filling of the minority spin photohole
and calculated a linewidth broadening of �min ∼ 95 meV
as opposed to �maj ∼ 14 meV for a spin polarization of
0.87 reached at 20 K sample temperature. The Lorentzian
broadenings in the experiment were 116 meV and 86 meV,
respectively. While we observe the same trend and similar
difference between �min and �maj, we argue that filling oc-
curs by magnon absorption. The latter process is compatible
with angular momentum and energy conversion as depicted in
Fig. 4(a).

With increasing temperature T � 160 K the linewidth �

starts to increase linearly with T [Fig. 3(a)]. For Gd the spin
dependence is now reversed; the slope for the majority spin
component is larger than for the minority spin component.
Using again the above phase space argument we attribute this
spin dependence to electron-phonon scattering. The spin-flip
probability for Gd upon scattering of valence electrons with
phonons is estimated to be α = 0.08 [6]. Thus, when scatter-
ing with a phonon the electron spin remains predominantly
unchanged and, as sketched in Fig. 4(b), the photohole in the
majority (minority) spin channel is filled by majority (minor-
ity) spin electrons.

The Debye temperature �D of Gd and Tb are reported to
be about 163 and 176 K [33,34]. At the surface �s

D is further
reduced by a factor of 0.6 ± 0.1 with respect to the bulk value
[35]. For high temperatures T > �D 	 �s

D the Debye model
predicts a linear dependence of the scattering rate �e-p =
2πλkbT , since the number of phonons increases linearly with
temperature n → kBT/h̄ω, for h̄ω ∼ kB�D 
 kBT . Within
experimental error we observe a constant slope in our exper-
imental data for T � 160 K [Fig. 3(a)]. Fitting the data for
the Gd surface state within the temperature range of 150 to
270 K (see SM) [26], we obtain the spin-dependent mass-
enhancement parameters of λmaj = 1.02 ± 0.2 and λmin =
0.88 ± 0.2. This compares well with the reported values
of a previous photoemission experiment for the majority
spin component λmaj = 1.0 ± 0.2 [18] and spin-averaged val-
ues of scanning tunneling spectroscopy (STS) λ = 1.0 ± 0.2
[36]. As obvious from Fig. 2 the spin-dependent density of
states (spin polarization) available for scattering varies with
temperature due to spin mixing. Here electron-phonon and
electron-magnon scattering will show opposite trends. This
may partially cancel the temperature dependence expected
for λ. We note that electron-magnon and electron-phonon
scattering increase with the number of excited magnons
and phonons n. Since both have comparable energies one
would at first glance expect similar temperature dependences.
However, the interaction is completely different, determined
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for magnons by exchange coupling J and for phonons by
deformation-potential scattering. While the former is temper-
ature independent, the latter will increase with the amplitude
of lattice vibrations and thus with temperature. This explains
qualitatively why the lifetime broadening of the Gd surface
state is determined at low temperature by electron-magnon
and at high temperature by electron-phonon scattering.

So far we have only considered intra-band scattering,
i.e., relaxation processes within the surface-state band, but
neglected inter-band scattering involving bulk states. Relax-
ation of the photohole by inelastic electron-electron scattering
requires excitation of electron hole pairs across the Fermi
level. Therefore �e-e is approximately proportional to the
available phase space ∝(E − EF )2. STS measurements show
a total linewidth of only 22 meV at T ∼ 10 K [37]. With
increasing temperature the occupied component of the sur-
face state shifts towards EF [cf. Fig. 2(a)], decreasing the
phase space for electron-electron scattering. Thus STS sets the
maximum contribution of �e-e to 22 meV. Since the occupied
surface state lies within the band gap of surface-projected
majority spin bulk states, defect and electron-phonon scat-
tering involving bulk states will lead to larger broadening of
the majority spin component of the occupied surface state
than of its minority spin counterpart. Thus electron-phonon
inter-band scattering can contribute to the observed spin
and temperature-dependence of the mass-enhancement factor
λmaj > λmin of the Gd surface state.

B. Linewidth of the Tb surface state

In the second step, we turn to the linewidth of the Tb sur-
face state [Fig. 3(b)]. Since Tb and Gd films have comparable
hexagonal-closed packed crystal structure and very similar
valence band structures, we would expect electron-magnon
and electron-phonon scattering to contribute similarly to the
linewidth of the Tb and Gd surface states.

Owing to the lower maximal magnon energy of 15 meV
we observe a somewhat lower spin polarization of the Tb
surface state of 40% at around 100 K. Still this corresponds to
a 2.3 times higher majority spin contribution [cf. Figs. 1(a) and
2(b)]. In line with the lower spin polarization, the Tb surface
state shows the same trend �min > �maj but less pronounced
as compared to Gd. However, as evident from Fig. 3(b) the
linewidth of the Tb surface state above T = 150 K does not
show a significant spin dependence. This suggests that � is
not dominated by pure electron-magnon and electron-phonon
scattering in the high temperature regime.

The only key difference between Tb and Gd is the strong
4 f spin-orbit coupling (SOC) in Tb (4 f 8, L = 3) which is
negligible in Gd (4 f 7, L = 0). The different SOC can be
understood when considering the orbital distribution. As illus-
trated in Fig. 5 for Gd it is spherical symmetric (blue sphere),
while for Tb it can be represented by the additional electron
in the m	 = 3 sublevel (blue torus). Therefore, vibrations of
the lattice ions (gray balls) will affect the charge distribution
of Tb but not of Gd. As a consequence, phonons couple to
the orbital momentum and thus the 4 f spin (red arrow) of
Tb but not of Gd. Likewise magnons will only couple to the
Tb lattice. The strong SOC in Tb is also reflected in a large
magnetocrystalline anisotropy (16.5 meV for Tb vs 0.03 meV

FIG. 5. Illustration of weak and strong phonon-magnon hy-
bridization in Gd and Tb, respectively. While the Gd 4 f 7 charge
distribution has a spherical shape (L = 0) that of the Tb 4 f 8 state
(L = 3) can be represented by the m	 = 3 component. Rocking of
the lattice ions couples only to the nonspherical charge distribution
of Tb [8].

for Gd) [38,39] and is essential to couple motion of the lattice
ions via the orbital angular momentum to 4 f spin excita-
tions [8,40]. Moreover, for Tb the magnitude of the planar
anisotropy constant found in static measurements is much
smaller than the value necessary for agreement with spin-
wave experiments, indicating a significant contribution of
magnetoelastic effects to the total hexagonal planar anisotropy
constant [41]. Neutron diffraction shows strong splitting of
transversal optical phonon (TO) and acoustic magnon (AM)
branches near the BZ boundary [42,43] and weaker splitting
of magnetoacoustical and transversal acoustical (TA) phonon
branches [40]. The latter AM-TA coupling can be explained
by local strain in an f f model [40,44]. It leads to an avoided
crossing of magnon and phonon dispersions in an energy
range of about 2–4 meV associated with small momentum
transfer of 0.1–0.3 Å−1. These magnon polarons are already
sufficiently excited at 100 K. The avoided crossing between
the TO and AM branches is more involved since their cou-
pling is symmetry forbidden [40]. Based on a proposal by
Liu [45], Jensen and Houmann showed that this coupling
can be induced by spin mixing in the valence states, which
is proportional to spin-orbit coupling of the valence states
[40]. This involves the already introduced s f model, which
couples the valence electrons via intra-atomic exchange to the
magnon polarons [see Fig. 4(c)]. As a consequence, whenever
a phonon is emitted it can effectively couple to a magnon
excitation, becoming a magnon polaron. The linewidth data
in Fig. 3(b) show this characteristic of the magnon-phonon
hybridization in Tb. At temperatures T > TD where � ∝ T ,
the mass-enhancement parameters of Tb is λ

maj
e-ph = λmin

e-ph =
1.7 ± 0.1, i.e., identical within error bars. Thus for Tb the
mass enhancement parameter is twice as large as the average
value of Gd λe-ph(Tb) = λ

maj
e-ph(Gd) + λmin

e-ph(Gd). The phase
space is nearly doubled for Tb as compared to Gd which
necessarily includes magnon contributions. This is a direct
consequence of magnon-polaron formation in Tb. As sketched
in Fig. 4(d) contributions of electron-phonon and electron-
(magnon-polaron) scattering lead to comparable linewidth of
majority and minority spin photoholes. In fact, significant
damping of coherent phonons in Tb by coupling to magnons
has already been demonstrated with time-resolved second har-
monic spectroscopy [13].
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IV. SUMMARY

In conclusion, comparing Gd and Tb we demonstrate the
role of magnon-polaron formation in the lifetime broadening
of the Tb surface state. For Gd we observe a spin-dependent
lifetime broadening, which reflects the degree of band mirror-
ing. At 100 K, the linewidth of the spin-minority component
is larger than its spin-majority counterpart, which is attributed
to electron-magnon scattering. Above the Debye temperature
we observe a linear increase of the linewidth due to spin-
conserving electron-phonon scattering. Accordingly the mass
enhancement parameter is larger for the spin majority than for
the spin minority component.

Meanwhile for the Tb surface state the linewidth is com-
parable in both spin channels with no spin dependence above
150 K. The fitted electron-phonon mass-enhancement param-
eter in Tb is twice as large as the average value in Gd,
suggesting that both spin-flip and spin-conserving scatter-
ing processes contribute to the linewidth. Considering the
large magnetoelastic coupling in Tb that can induce hy-
brid magnon-phonon modes, we suggest that magnon-polaron
formation adds significantly to the linewidth broadening of the
Tb surface state.

In the present study we show that magnon-polaron gener-
ation in Tb occurs by scattering of optically excited valence
electrons (holes). Because the 5dz2 surface state of Gd and

Tb is derived from bulk states, we can reasonably assume
that surface and bulk valence states will show in each case
similar couplings. This allows us to explain the efficient ul-
trafast demagnetization of the 4 f spin system in Tb [14]
and the in contrast disparate dynamics of 5d and 4 f spin
systems in Gd [21]. While in Tb coupling of the photoexcited
valence electrons and holes to the lattice is accompanied by
effective generation of magnons, the latter process is missing
in Gd.

Our findings contribute to the fundamental understanding
of ultrafast magnetization dynamics revealing its signature in
the electronic structure. Strong spin-orbit coupling in 4 f sys-
tems couples excited valence electrons and holes effectively
to the 4 f spin system via lattice excitations.

The photoemission data used for the presented analysis are
publicly available [46].
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