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We investigate the fluence-dependent dynamics efettcthange-split 5d6s valence bands
of Gd metal after femtosecond, near-infrared (IR)sel excitation. Time- and
angle-resolved photoelectron spectroscopy (tr-ARPE&fEh extreme ultraviolet (XUV)
probe pulses is used to simultaneously map theiganbinding energies of the minority
and majority spin valence bands. The decay constiatite exchange splitting increases
with fluence. This reflects the slower responsehef occupied majority-spin component,
which we attribute to Elliot-Yafet spin-flip scatiieg in accordance with the microscopic
three-temperature model (M3TM). In contrast, timeeticonstant of the partly unoccupied
minority-spin band stays unaffected by a changaump fluence. Here, we introduce as an
alternative to superdiffusive spin transport exd®arscattering, which is an ultrafast
electronic mechanism explaining the observed dyoanttxchange scattering can reduce
the spin polarization in the partially unoccupiethamity-spin band and thus its energetic

position without effective demagnetization.

1. Introduction

Gadolinium is commonly regarded as a model systenthe Heisenberg ferromagnet. The
half-filled 4f shell gives rise to a large spin memh of S¢=7 ps per atom. The direct
exchange between the 4f electrons of neighborilognsitis negligible because of the
localized character of the Gd 4f orbifdlsFerromagnetic ordering is established by an
indirect exchange (Ruderman-Kittel-Kasuya-Yosidatetaction via the hybridized,
itinerant (5d6s) valence electrons. These spin-polarized valeneetrehs contribute an
additional 0.63 g per atom to the overall magnetic monfeénit 90 K, the minority and

majority spin components of the valence band apars¢ed by an exchange splitting of
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about 0.9 e\? and exhibit a spin polarization of about 70-889aVe use changes in this
splitting as a probe for the magnetization dynamit& exact relationship between the spin
polarization and the exchange splitting is not kndier nonthermal dynamitsand its

behavior above the Curie temperature still remainsntroversial topfc®.

The ultrafast magnetization dynamics of Gd metalehbeen investigated extensively in
recent years. Results from a wide variety of experitaf® and theoreticaf?” approaches
have been reported, but to date no consensus amdleglying processes has been achieved.
Here, we will focus on the microscopic mechanisesponsible for the fluence-dependent
dynamics of the itinerant 5d6s electrons afterrl@seitation, and compare our results of
tr-ARPES with calculations obtained using a modifié3TM*.

2. Experimental methods

We performed measurements on a 10 nm-thick Gd(O€i0h) grown epitaxially on a
W(110) substrate (see Refs. 7 and 21 for sampleapmgon details). The experimental
setup was based on a commercial Ti:sapphire laserdelivers 40 fs IR pump pulses at
790 nm with a repetition rate of 10 kHz. The higker harmonic generation of the IR
yielded XUV probe pulses. We used thé?2@rmonic at 36 eV to probe the sample at the
I'-point in the fourth Brillouin zone. The photon egewas selected by a toroidal-grating
monochromator with an energy resolution of 100 meéhe XUV pulse duration was a
100 fs full-width at half-maximum (FWHM). The totame resolution of the measurement
was determined by the pump pulse, stretched tof8SQBWHM) in order to minimize
IR-induced space charge effects, which are promifoerthe Gd(0001) surface owing to its
low work function of 3.7 e\?. Further details of the experimental apparatusbeafound

in Ref. 21.

Figure 1 shows a typical ARPES measurement foorfeaignetic Gd recorded at 90 K. With
increasing binding energy, we observe the surféate,sthe exchange-split 5d6s valence
bands, and the 4f level. The magnetization dynamiidhe surface state and the 4f levels
have recently been reported (Refs. 5 and 9, raspggt To follow the dynamics of the
exchange-split valence bands, we integrate a smglllar slice of the photoelectron spectra
around thd-point and determine the binding energies of tlilerdint states by fitting. For
the analysis of the data obtained in pump-probexents, we include the position of the

4f state to determine the Fermi energy. In this meanwe can correct for pump
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pulse-induced space-charge effects that can leaditts in the spectra, since the thermal
shift of the 4f binding energy is negligibfe’. The spectral line shapes of the states are given
by Cauchy-Lorentz distributions with the intringicewidth determined by the photohole
lifetime. For the fit of the Gd spectrum in Fig.vte use 5 different Lorentzians describing
the sharp surface-state peak (not shown), the ityr(oed) and majority (blue) components
of the 5d6s valence band, and the 4f state (gvetyish is represented by a combination of
two Lorenzians. In reality, the 4f state consistarounresolvable multiplet of 7 components,
with a second set of components separated by tfacsicore level shift of about 0.48 &Y

The fit by two Lorentzians is therefore only a rbwgpproximation, which is sufficient in our

case since we are only interested in the 4f energesition to adjust the Fermi level.

Because we have no special spin-dependent seleatemin our photoemission experiment,
the intensities of the minority and majority valeritand components are set to be the same.
The difference in spectral width accounts for tfetime of the photohole, which decreases
with increasing binding energy, i.e., the differanmber of electrons available for filling the
corresponding photohole. The width of the surfatie¢éesat negative time delays mainly
reflects our energy resolution of about 140 meVaMeements with high energy resolution
revealed an intrinsic width of only 70 meV FWHM fitre surface state at 90%R. Such a
width is increased during the excited phase ofdleetronic system as the hot electrons
above the Fermi level decrease the lifetime ofdindace state photohole. All bulk states
contribute to a Shirley background to account lfi@r $cattering probability of the electrons
on their way to the surface. This background igpprtional to the energy-integrated peak
intensities starting at the Fermi level. In additito this, a linear background must be
introduced to characterize the spectrum fullyisks towards the Fermi level and defines the
contribution of phonon-scattered electrons comimgnmf other k-points, reflecting the

increasing density of stat&$®.

Finally, to obtain a complete energy distributiamw, all spectral features are cut by the
Fermi edge and convolved with a Gaussian to acctamthe experimental resolution
determined by the XUV monochromator and hemisphermalyzet”. For maximum
objectivity and consistency, all spectra in a pyonpbe dataset were fitted using the same

starting parameter and identical boundary condition
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3. Results and discussion

Changes in the binding energies of the minority enagority spin valence bands following
laser excitation are shown for two different puryefces in Fig. 2. Most notably, the bands
do not move simultaneously, as expected from statemperature-dependent
measurements Instead, we find an initial response of the mityoralence band for both
pump fluences that is too fast to be resolved lsyime resolution of 0.3 ps. The response of
the majority band, on the other hand, is delayedliyut half a picosecond and exhibits
much slower time constants that vary with the pdiiongnce: 0.8 £0.1 ps and 1.4 +0.2 ps for
pump fluences of 3.1 and 4.6 mJfgmrespectively. Because of these different and
fluence-dependent time constants, we concludediffatent processes are responsible for
the individual dynamics of the minority and majprépin bands. This is a startling result
since they originate from the same 5d6s band. Tigjet slelay in the majority band between

the two fluences, as suggested by the exponeitfied Within the error bars.

It is well known that the femtosecond-laser exmtatof metals generates an initial
nonequilibrium electronic state that thermalizeshtantimescale of around 100 fs to produce
a hot electron gas characterized by an electremipéerature I°3%. The excited electrons
scatter with phonons, leading to lattice heatinthefirst 1-2 picoseconds. Comparing these
timescales with the observed dynamics, we attrithedast response of the minority band to
exchange scattering between hot electrons of ogpsgind”. This process is ultrafast
owing to the high energy of the excited electronsl @&stablishes a defined electron
temperature after laser excitatfdnThereby, the overall magnetization of the sanaald

not change, but the polarization of the partialbcupied minority valence band can be
reduced by spin mixing through the admission ofitedcmajority electrons. Varying the
fluence seems to only affect the amplitude of thaomty band shift. We note that in
addition to the discussed exchange scattering df dlectrons, the superdiffusive
spin-dependent transpbttof hot electrons between the surface and the ¢arkcontribute

to the observed ultrafast response of the minsptg ban8.

In contrast to the fast minority response, the slomajority correlates with lattice heating,
which is limited to timescales set by the most gatic phonon branches of about 15 niéV

It seems that this slower phononic response afsatafthe minority band and leads to a
minor relaxation back towards lower binding enesgla combination, the dynamics of the

minority and the majority spin bands reduces theharge splitting whereby the amplitude
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of the reduction is given by the shift of both. Hoxer, it is only the fluence dependence of
the time constant of the fully occupied majorityrspand that gives rise to the fluence
dependence of the time constant of the exchangdtirgpl Fluence-dependent

demagnetization rates were previously seen in niagygical Kerr effect measurements
(MOKE) of Gd'® and Nf* For Ni, they were explained by the microscopic
three-temperature model (M3T#) The M3TM is based on Elliott-Yafet phonon-magnon
scattering and connects the lattice dynamics to gdp@ dynamics and thus to the

magnetization dynamics.

Figure 3 shows the magnetization dynamics as peatlioy a slightly modified M3TM.
The M3TM introduced by Koopmaret al¥ in 2010 extends the two-temperature model
(2TM) of Anisimov et al®> by the magnetic system using a mean-field Weipsoagh and
includes Elliott-Yafet spin-flip scatteriiy®” as the microscopic origin of the
magnetization dynamics. In our simulations, we rfiedithe M3TM to include the laser
excitation process, i.e., in analogy to earliedis®*¥ a source term is added to the
equation of the electron temperature Beside this, we used the temperature dependence
of the electronic heat capacity€C.0'Te, as already performed in other 2TM
calculationd®?®, This plays a significant role directly after lasexcitation where T
reaches values of several thousand Kelvin. To sitauhe effect of the substrate, which
acts as a heat sink, we assumed a I@@ethick Gd sample, where the electron
temperature Jat its back is set to be low at all times. We Hartassumed that no heat
transport through the surface (vacuum interfaceyisc In addition, the following physical

constants were used for the simulations (in Sl snithe phonon heat capacity

C,=1.51x10° / (Ref. [40]), the energy exchange rate between ldsgtren and phonon

m3K

systems g0.25x 1018ﬁ (Ref. [30]), the Curie temperature:¥292.5K (Ref. 41), the

electronic heat capacity € CooTe with C0=225 ]K (Ref. 30), and the

T3R2
material-specific constant=0.092ps” (Ref. 14). Following the work of Hohlfelet al*?
and Bovensiepeif) we used an effective optical penetration depth ®%0nm to account
for ballistic electron transport. The calculatiomere performed with a constant electronic
thermal conductivity, as in the case of the unmedifM3TM. To reflect the actual

temperature dependence of the electronic thermaldwivity Ke=KeoTe/ Ty, we
assumed an increased value ojzliloi, which is reasonable shortly after laser

smK

excitation, when the electron temperature exceeelphonon temperature significaritly
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The simulations in Fig. 3 show the predicted terapges and magnetizations at the
sample surface for the two absorbed fluences ofaBd 4.6 mJ/cm? used in the above
measurements. As expected, we find that, for higheitation densities, electron and
phonon subsystems equilibrate at later delays. sligatly higher lattice temperature at
delays of 2-3 ps reflects the ongoing electroniatheansport into the bulk. A single
exponential fit to the calculated magnetization vamoin Fig. 3(b) reflects the time
constants found in the measured collapse of thhasge splitting. This corroborates that
Elliott-Yafet scattering, which depends on electeord phonon temperatures, determines
the response of the majority spin band and thusetkghange splitting. However, a
guantitative comparison of the model with the expent must be regarded with caution
since the M3TM oversimplifies the magnetic systdr®d by choosing a mean-field Weiss
approach. The latter does not distinguish betweealized 4f and itinerant 5d6s electrons,
which show a disparate response after laser exxtitatThe initially disjoint 4f magnetic
moments are also the reason for the observed etiifer in demagnetization amplitude
between the probed 5d6s bands and the simulatsuttsen the present study. In addition,
dynamic parameters such as the electronic theroradiuctivity are set constant in the
simulation and important effects such as spin-ocbitpling are not included but might
have a strong influene Nevertheless, the fluence dependence of the ¢imnstant that
we find in the simulation is induced in the expesith by the majority valence band
movement, so the Elliott-Yafet-like spin-flip seaihg, which drives the dynamics of the

M3TM, is likely the process responsible for the any band dynamics.

4. Conclusions

This work has revealed microscopic details of titeafast laser-driven magnetization
dynamics of the valence bands of ferromagnetic @& have observed different
fluence-dependent behaviors between the majoritl ramority spin components of the
valence band following excitation by a 300 fs Iagelse. This provides evidence for both
pure electronic scattering and phonon-mediatedfipiscattering (Elliott-Yafet scattering)
during ultrafast demagnetization. The fast respongiee minority spin band is disentangled
from the electron-phonon equilibration time, sudgesexchange scattering of hot electrons
as the origin of its shift. The fluence dependentahe slower majority response is
gualitatively in line with dynamics caused by areotton-phonon-mediated spin-flip

scattering as proposed by the M3TM.
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These results raise the question of how the obdergaequilibrium between the minority
and majority spin bands is maintained for the fiest picoseconds after excitation and how

it is finally dissipated.
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Figure Captions

Fig. 1. Inset: ARPES spectrum of a 10-nm-thick ferromaign&d(0001) film at 90 K. A
selected energy distribution curve from the hightiégl area +0.15A around the-point
was fitted with the spectral components depicteldvibehe experimental curve. Fitting
gives the gray line that closely reproduces thesarpental data. The binding energy of the
minority and majority bands is extracted as a fiomcof pump-probe delay to follow their

evolution after laser excitation (see Fig. 2).

Fig. 2. (a) Comparison of the Gd 5d6s valence band dyrsafarcabsorbed pump fluences
of 3.1 (gray squares) and 4.6 mJdqimack squares). Solid lines are single exponkfitsa

that yield the displayed time constants. The tapepahows the minority component of the
exchange-split 5d6s bands which exhibits a timestomn reflecting the stretched
pump-pulse length of 0.3 ps. The response of if@ntyspin counterpart, depicted in the
bottom panel, is delayed and shows fluence-depé¢nides constants of 0.8 and 1.4 ps. (b)

Dynamics of the corresponding exchange splittings.

Fig. 3. Simulations with the modified M3TM for the two nsemed pump fluences. The
excitation was modeled for a 300 fs, 800 nm las#sep (a) Electron ( and phonon (J)

temperatures as a function of pump-probe delay.tfi®iincreased excitation density, the
time at which the electron and lattice temperatwesverge shifts to later delays. (b)
Corresponding magnetization dynamics. The calanatshows a fluence-dependent
demagnetization time constant, which is in linehwitie behavior of the exchange splitting

induced by the majority valence band dynamics.
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Fig. 1 (Color Online)
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