Separating exchange splitting from spin mixing in gadolinium by femtosecond laser
excitation
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Employing spin-, time-, and energy-resolved photoemission spectroscopy, we present the first
study on the spin polarization of a single electronic state after ultrafast optical excitation. Our
investigation concentrates on the majority-spin component of the d-band-derived Gd(0001) surface
state d;. While its binding energy shows a rapid Stoner-like shift by 90 meV with an exponential

time constant of 7g = 0.6 == 0.1 ps, the d; spin polarization remains nearly constant within the first
picoseconds and decays with 7¢ = 15 & 8 ps. This behavior is in clear contrast to the equilibrium
phase transition, where the spin polarization vanishes at the Curie temperature.

PACS numbers: 78.47.-p, 71.45.Gm, 73.20.At

Laser excitation is capable of creating new transient
states of matter, that are not reached on equilibrium
pathways [1-6]. In magnetically ordered materials this
opens new routes to the ultrafast manipulation of the
magnetic order [7-10]. Investigating the underlying pro-
cesses provides a yet unseen view on the very basics of
magnetism such as the relation between the electronic
and magnetic structure. Contrary to thermal heating,
laser excitation drives the electronic, phonon, and spin
subsystems out of equilibrium [11]. It may therefore lead
to a response quite different from the equilibrium mag-
netic phase transition as we show in this letter.

The first experiment on the laser-induced demagne-
tization of Gd metal applied spin-resolved photoemis-
sion on the nanosecond timescale [12]. A decrease of
the spin polarization of the secondary electrons was ob-
served, which was explained by spin-lattice relaxation
with a characteristic time of 100 4+ 80ps. This result
was corroborated by measurements of the magnetic linear
dichroism (MLD) observed in 4 f core-level photoemission
[13]. Later studies with sub-picosecond time resolution
revealed an additional much faster decrease of magnetic
figures: The X-ray magnetic circular dichroism (XMCD)
at the M5 edge decreases within 0.76 £ 0.25ps [14]. So
do rotation and ellipticity of the magneto-optical Kerr ef-
fect (MOKE) [15, 16] as well as the (5d6s) valence-band
exchange-splitting [17, 18]. A binding energy shift on
this timescale has also been found for the majority-spin
component of the surface state [19, 20]. In contrast, the
magnetic component of the surface-sensitive second har-
monic generation (SHG) shows an immediate response
within the laser pulse duration of 100fs [19, 21, 22].
Whereas a recent photoemission experiment reveals again
a ps response of the MLD in the 4f states [23]. Obvi-
ously different observables of the magnetization dynam-
ics suggest significantly different response times, while
in the equilibrium phase transition all techniques map

the same behavior. Furthermore, most of the femtosec-
ond pump-probe experiments are not consistent with the
spin-resolved measurements of Ref. 12, which may be at-
tributed to its 10-ns pump-pulse duration. It is thus still
unclear on which timescale we can modify the spin po-
larization in Gd using an ultrafast laser pulse.

In this letter we present a comparative study of equi-
librium ws. laser-induced demagnetization of Gd using
spin-resolved photoemission. Upon excitation with a 48-
fs laser pulse the majority-spin component d; of the Gd
surface state shifts towards the Fermi level, reducing the
exchange splitting on a sub-ps timescale. In contrast,
the d; spin polarization changes only slightly with a one
order of magnitude slower ps dynamics.

For pump we use s-polarized pulses at the fundamental
photon energy of 1.6eV of a 300-kHz Ti:Sapphire regen-
erative amplifier (RegA, Coherent) incident at an angle
of 45° off normal along the GA[1000] direction. The ab-
sorbed pump fluence was 3.9mJ/cm?. A time-delayed p-
polarized ultraviolet probe is generated by frequency qua-
drupling the fundamental to 6.3 eV. The temporal resolu-
tion is < 70 fs as determined from fitting the rising edge of
the electronic temperature (Fig. 3 (a)). A cylindric sector
analyzer (CSA 300, Focus) transmits the photoemitted
electrons to the spin detector with an energy and angular
resolution of 65 meV and £2.5°, respectively. We use an
exchange-scattering-based spin detector [24], which sup-
ports two measurement modes: A spin-integrated mode,
where all incoming electrons impinge directly on a chan-
neltron, and a spin-resolved mode, where we place an
oxygen-passivated Fe/W(001) target into the electron
beam for spin-dependent exchange scattering at 6eV ki-
netic energy into a second channeltron in back-reflection
geometry. The spin detector has a figure of merit of
2.2 - 1073 with an intensity loss of 2 orders of magni-
tude [24]. We took advantage of switching on the fly
between spin-integrated and spin-resolved mode, to ac-
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FIG. 1. Spin polarization (a) and binding energy (b) of the
majority-spin surface state d; in the ferro- to paramagnetic
phase transition in thermal equilibrium. The spin polariza-
tion vanishes at Tc = 293 K but the exchange splitting re-
mains finite.

quire high-intensity spin-integrated data on the energetic
behavior and valuable information on the spin polariza-
tion in the same experiment. The investigated Gd(0001)
samples were prepared by evaporating 100 A of Gd onto
a W(110) substrate at a temperature of 300K, a depo-
sition rate of 5 A /min and a pressure of 6 x 10~ mbar.
Beforehand, the substrate was cleaned from carbon im-
purities as described in Ref. 25. To obtain a smooth and
contaminant-free surface, the Gd films were annealed for
1 minute at 780 K. During the measurements at a pres-
sure of 2 x 10~!! mbar, we kept a sample temperature of
90 K by liquid nitrogen cooling. All spectra were taken
at T’ under normal emission. The Gd films were magne-
tized remanently in plane along the Gd[1100] direction
applying a field pulse of 20mT via a freestanding coil.

The ferro- to paramagnetic phase transition of gadolin-
ium at the Curie temperature Tc = 293 K is a prototype
system to study spin-mixing vs. Stoner behavior. The
latter two limiting cases turned out to be helpful for dis-
tinguishing the temperature dependence of the electronic
structure of a ferromagnet in thermal equilibrium. The
Stoner model [26-29] treats delocalized electronic states
and predicts a gradual decrease of the exchange split-
ting, which collapses at T¢. By contrast, spin mixing
[30-34] describes localized states with a constant magni-
tude but fluctuating direction of the magnetic moment.
In this model the exchange splitting stays constant while
the spin-polarization of the states falls steadily with in-
creasing temperature to vanish at T¢.

Evidence for the existence of a finite exchange splitting

above T has been found in the Gd(0001) surface state
[35-39], where the majority- (minority-)spin component
d; (diz) is situated below (above) the Fermi level Ep.
Fig. 1 displays the temperature-dependent spin polariza-
tion (a) and binding energy F — Ex (b) of the d; deter-
mined by spin-resolved laser photoemission with 4.5-eV
photons. When Gd(0001) is heated across T¢ the d;
spin polarization collapses while its exchange splitting
is only partly lowered but remains at finite values. For
more than 100 K above T, the d; remains below FEp
[38] while the minority-spin part still has a binding en-
ergy above Er [35-37]. To conclude, in the equilibrium
phase transition the surface state shows spin mixing ac-
companied by a partly decreasing exchange splitting, i.e.
a partly Stoner-like behavior.

In the following, we investigate the laser-driven phase
transition. The spin-integrated photoemission intensity
near Ep is shown in Fig.2(a) as a function of energy
E — Ey and pump-probe delay. Fig.2(b) compares the
majority- and minority-spin intensities at selected delays.
Independent of spin, there is a remarkable intensity re-
distribution after the excitation by the pump pulse at
0 ps. Compared to the spectra before pumping at -0.5 ps,
the d; surface state is significantly depopulated at 0.2 ps
and electrons are excited above Eg. This redistribution
is attributed to an increasing electronic temperature re-
flected in a broadening of the Fermi edge as well as a
broadening of the surface-state line-shape. In addition
the maximum of the d; shifts to lower binding energy
(indicated by the gray horizontal bars in Fig. 2 (b)). Di-
rectly after laser excitation, at a delay of 0.2 ps, the peak
position is shifted by 27 meV towards Fg. This shift in-
creases to 90meV at 10 ps delay, when the population of
the d; already recovers, most of the laser-excited elec-
tron population above Ef is decayed, and electron and
phonon subsystems are equilibrated at an elevated tem-
perature [40]. At this temperature a part of the peak is
cut by the broad Fermi edge, such that the peak position
obtained from a fit to the data (indicated by the gray
bar) is closer to Er as the maximum intensity visible in
the spectrum [41]. Sample cooling shifts the d; binding
energy back to the initial value and the broadening of
line shape and Fermi edge further reduces as exemplified
by the spectrum at 50 ps delay. Despite these significant
changes, the ratio of majority- and minority-spin inten-
sity and thus the spin polarization alters only weakly for
all displayed pump-probe delays.

For a more detailed discussion, the temporal evolutions
of the above-mentioned parameters: electronic tempera-
ture, surface-state binding energy, and spin polarization
are shown in Fig.3. The data were obtained from a fit

to the spectra as described in the supplemental mate-
gt
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where I'/V is either the intensity integrated over the
energy range of the full majority/minority peak (e) or

rial [41]. The spin polarization calculates as P =
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FIG. 2. (a) False color representation of spin-integrated pho-
toemission spectra of the gadolinium d; surface state as a
function of pump-probe delay. (b) Spin-resolved photoemis-
sion spectra at selected pump-probe delays. The spin polar-
ization (asymmetry between majority (A) and minority (V)
count rates) shows only weak changes in all four spectra.

the photoemission intensity measured at a single bind-
ing energy (o, o). Integrating over the full peak yields
more accurate values but also requires a lot more data
acquisition-time and is thus more susceptible to changes
of the surface quality. We therefore complemented the
data by measurements at distinct energies with a sig-
nificant spin polarization. Here we chose the maximal
and minimal binding energy of the d; of -200 (o) and
-120meV () (indicated in Fig.2 on the right ordinate)
[42].

Figure 3 (a) shows the immediate increase of the elec-
tronic temperature up to 2,000 K within the temporal
resolution of 70 fs. The subsequent temporal evolution of
the temperature within the first picoseconds can be de-
scribed (solid line) by an exponential decay that is over-
layed by a rise in lattice temperature (dashed line). We
thus assume that the electrons cool down predominantly
transferring energy to the lattice at a time constant of
7 = 0.6 £ 0.1 ps. We find that the shift in binding en-
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FIG. 3. Temporal evolution of (a) electronic temperature as
obtained from the broadening of the Fermi edge, (b) binding
energy, and (c) spin polarization of the d;. The spin polar-
ization integrated over the energy-range of the full peak (e)
is complemented by data taken at 120 meV (©) and 200 meV
(o) binding energy indicated in Fig. 2 on the right ordinate.

ergy (Fig.3 (b)) occurs with the same exponential time
constant 7 and must therefore be induced by a heating
of the lattice due to electron-phonon scattering. Thus,
the peak position is determined by the lattice temper-
ature. This is in perfect agreement with the results in
the equilibrium phase transition (¢f. Fig.1). In contrast,
the spin polarization itself shows in fact a much slower
decrease of small magnitude. An exponential fit to the
spin polarization results in a decay time of 7¢ = 15+ 8 ps
(dark and light blue lines for -200 and -120meV). This
slow decrease can already be explained by spin-lattice
coupling as has been suggested in Ref. 12.

The evolutions of the spin polarization in the laser-
driven experiment and in the thermal phase transition
(filament heating) are compared in Fig.4. The bottom
axis shows the corresponding peak energy for each tem-
perature in the equilibrium experiment (m) and for each
pump-probe delay in the laser-driven experiment (e, o)
respectively. We find that upon optical excitation the



peak position shifts to F — Fp = —110meV with al-
most no decrease in spin polarization. In the equilibrium
phase transition, the d; already looses its spin polariza-
tion when it reaches the same energy, since this is when
the sample is heated across T¢ (¢f. Fig.1). In the laser-
driven experiment we observe a small reduction of the
spin polarization to ~ 0.9, which is much slower than the
changes in binding energy. The reduced spin polarization
remains during the cooling of the lattice when the peak
energy is already shifting back.

It has been reported for a photoemission experiment
with a lower pump fluence of 1 mJ/cm? [19] that the d;
shift has not much effect on the total exchange splitting
of the surface state. Nevertheless, experiments applying
fluences similar to that in our experiment, find a break-
down of magnetic signals like XMCD [14] or MOKE [15]
occurring on the same timescale as the d; shift. Also
the exchange splitting of the (5d6s) valence-bands de-
creases with the same time constant [17, 18]. Therefore,
we interpret the shift in our experiment as a change in
exchange splitting, which is not accompanied by a re-
duction of spin polarization. We thus demonstrate that
the response of the Gd(0001) d; surface state to an ul-
trafast laser excitation is completely Stoner-like within
the first picoseconds. While in the equilibrium phase
transition Stoner and spin-mixing behavior occur simul-
taneously, in the laser-driven experiment the spin polar-
ization decreases exponentially with 7¢ = 15 + 8 ps sub-
sequent to the Stoner-like change of the binding energy
with 75 = 0.6 + 0.1 ps.

Three processes are reflected in the dynamics of the
d; surface state. i) The fastest process, the direct heat-
ing of the electrons by the laser (< 701{s), causes the fast
response found in magnetic SHG [19, 21, 22]|. According
to Ref. 21, the highly spin-polarized surface state con-
tributes dominantly to the SHG process. Thus, its de-
population lowers the magnetic component of the signal.
ii) Subsequently, energy is transferred from the electrons
to the lattice thereby inducing the Stoner-like shift of d;
with 7& = 0.6 = 0.1 ps. MOKE depends on all possible
transitions in the Brillouin zone [43]. It is therefore sen-
sitive to the exchange splitting of the (5d6s) bands and
hence shows a corresponding response time. It is how-
ever surprising that the XMCD contrast at the M5 edge
decreases on this timescale as well [14]. iii) XMCD and
MOKE also reveal a second timescale in the ten picosec-
ond regime similar to the response we find in the d;
spin polarization. Recent results revealed that the MLD
in photoemission from the 4 f core-levels decreases on the
same slow ps-timescale [23]. This suggests that the spin
polarization of the valence states is determined by the 4 f
magnetic moment [44]. Such a demagnetization on two
distinct timescales was already predicted by Koopmans et
al. [45], but their model is solely based on a mean field
description. It does not distinguish between exchange
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FIG. 4. Comparison of laser-driven (e, o) and thermal phase
transition (m). The spin polarization is plotted vs. the binding
energy corresponding to a pump-probe delay or temperature,
respectively. Open symbols (o) display the spin polarization
obtained at a single energy (-200meV). Filled symbols (e)
show energy-integrated values for the full d; peak. The un-
certainties of the peak position are shown in Figs.1 and 3.

splitting and spin polarization, and hence misses impor-
tant ingredients to describe the magnetization dynamics
of 4f metals.

It is reasonable to assume that the observed behavior is
characteristic for Gd, since spin-resolved photoemission
measurements on Fe and Ni find an ultrafast breakdown
of the overall spin polarization, though without orbital
resolution [43, 46, 47].

In conclusion, we find that the response times of spin
polarization and exchange splitting differ by more than
one order of magnitude. This leads to a Stoner-like be-
havior of the surface state during the first picoseconds.
We expect the huge difference between the Stoner and
spin-mixing timescales in Gd to arise from the indirect
exchange interaction. While the (5d6s) valence electrons
are directly affected by the laser excitation leading to the
decreasing exchange splitting, the 4 f spin system remains
cold for a long time stabilizing the spin polarization [23].
In contrast, in the equilibrium phase transition, these
processes can not be separated. Using ultrafast laser ex-
citation, we are able to disentangle exchange splitting and
spin polarization, which opens a completely new view on
the magnetic phase transition.
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