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Nonequilibrium Magnetization Dynamics of Gadolinium Studied by Magnetic Linear Dichroism
in Time-Resolved 4 f Core-Level Photoemission

A. Melnikov,' H. Prima-Garcia,”> M. Lisowski,"* T. GieBel,>" R. Weber,>* R. Schmidt,> C. Gahl,> N. M. Bulgakova,’
U. Bovensiepen,l’§ and M. Weinelt">/
'Freie Universitdit Berlin, Fachbereich Physik, Arnimallee 14, 14195 Berlin, Germany
’Max-Born-Institut, Max-Born-Strafe 2 A, 12489 Berlin, Germany

3Institute of Thermophysics SB RAS, 1 Lavrentyev Avenue, 630090 Novosibirsk, Russia
(Received 26 June 2007; published 13 March 2008)

The magnetic linear dichroism of the gadolinium 4f core level is studied in a time-resolved
photoemission experiment employing laser pump- and synchrotron-radiation probe pulses. Upon optical
excitation of the 5d6s valence electrons with femtosecond laser pulses, the magnetic order in the 4 f spin
system is reduced. Remarkably, the linear dichroism remains at 80% of the equilibrium contrast while the
lattice temperature reaches the Curie temperature due to electron-phonon scattering. Contrasting itinerant
ferromagnets, this shows that equilibration between the lattice and spin subsystems takes in Gd about
80 ps and is established in parallel with heat diffusion.
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In current technical implementations changes in the
magnetization of ferromagnetic materials are induced ther-
mally, by magnetic fields or by combining both stimuli.
While this conventional switching happens on nanosecond
time scales, various magneto-optical experiments corrobo-
rated in the past decade that the spin system of itinerant
ferromagnets exhibits a reduced magnetization within a
few hundred femtoseconds (fs) after laser excitation [1—
5]. Unifying concepts have been put forward, but the
associated microscopic processes are still notional [6,7].
To describe the latter, we have to consider the coupling of
charge, lattice, and spin degrees of freedom indicated in
Fig. 1(a). For absorbed fluences F,,, = 1-10 mJ/cm?
typically used in optical demagnetization, a significant
fraction of valence electrons is excited and their distribu-
tion is no longer in thermal equilibrium [8]. Agreement has
been obtained that the initially hot electrons equilibrate
with the lattice through electron-phonon scattering as de-
scribed by the two-temperature model [9]. The outcome of
such a simulation for a 100 A thick Gd film on tungsten is
shown in Fig. 1(b) for 100 fs, 800 nm laser pulses, and
F,,, = 3.5mJ/cm?. For Gd and W we use the known
material constants (see Sec. 3.2 in [10]; [11]); the numerics
is described in Ref. [12]. Equilibrium is reached after
1.5 ps, when the temperature of electron and phonon sub-
systems (T, and T)) are aligned. Concerning the spin sub-
system the situation is less clear. Early publications suggest
a direct interaction between electrons and spins [1,2],
whereas more recent studies favor a phonon- or defect-
mediated spin flip of excited electrons [6,7]. The under-
lying argument is based on angular momentum conserva-
tion. It requires that a loss of magnetization is compen-
sated, e.g., via spin-orbit coupling [13]. All of these studies
explored 3d transition-metal ferromagnets where the mag-
netic moment is generated by direct exchange interaction
among delocalized spins near the Fermi level.
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By contrast, Gd is a prototype system for a Heisenberg
ferromagnet. The magnetic moment per atom of w =
7.55 g arises mainly from the half-filled 4 f shell contrib-
uting p4r = 7.0up, localized at the ion core. Ferro-
magnetic order in Gd occurs by indirect exchange inter-
action (RKKY) below the Curie temperature of 7T =
293 K [14]. Alignment of neighboring 4f magnetic mo-
ments is mediated by the spin polarization of the valence
electrons generated in turn by the 4f electrons. The intra-
atomic 4f — 5d exchange interaction is responsible for this
polarization, calculated to 99 meV [15]. This valence-band
spin polarization of ws, = 0.55up per atom is probed in
magneto-optics [16,17]. Corresponding time-resolved
measurements provide evidence for an ultrafast drop
upon laser excitation [10,17,18]. Thus, it is an obvious
question whether u,, follows the spin dynamics of the
Gd valence band or pyy and us, need separate treatment.
Recently, Bartelt et al. reported on an element-specific
magnetization dynamics in Fe/Gd multilayers using
x-ray magnetic circular dichroism (MCD). Interestingly,
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FIG. 1. (a) Energy redistribution among valence electrons,
lattice, 4f and 5d spin systems after fs laser excitation, and
response times for Gd (* Ref. [15], ** Ref. [17], and this work).
(b) Calculated transient temperature of Gd valence electrons 7,
and lattice T after laser excitation.
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an almost simultaneous demagnetization is observed prob-
ing the Fe valence and Gd 4 f shell, which could occur, e.g.,
due to hybridization of both constituents or the intense
excitation by F,,; = 20 mJ/cm? [19].

In this Letter we report on a combined fs-laser-
synchrotron pump-probe experiment. We measure the tem-
poral evolution of w4, directly employing magnetic linear
dichroism (MLD) of the Gd 4f photoemission line after
Krupin [20]. Under excitation conditions where the lattice
temperature 7T, just reaches T, the magnetization is low-
ered but remains finite at about 80% of the equilibrium
value. We show that even 50 ps after optical excitation the
magnetic moment w4y has not yet equilibrated with the
electron and phonon subsystems.

The experiment was carried out at the undulator beam
line U125 PGM-1 of the Berlin synchrotron facility
(BESSY) operating in single-bunch mode with a repetition
rate of 1.25 MHz and a pulse duration of about 50 ps.
Valence electrons are optically excited by amplified fs-
laser pulses (800 nm, 100 fs, RegA, Coherent). The cavity
length of the homebuilt Ti:sapphire seed laser is stabilized
in order to phase match its repetition rate of 83.3 MHz to
the sixth part of the 500 MHz radio frequency cavity of the
storage ring. A phase shifter allows one to electronically
adjust the delay between laser pump- and synchrotron-
radiation probe pulses. Injection of seed pulses into the
RegA and ejection of amplified pulses are triggered by the
BESSY single bunch marker, so that the RegA delivers
pulses at a repetition rate of 208.3 kHz phase locked to
every sixth synchrotron pulse. Photoelectrons from every
sixth synchrotron pulse are selected by an electronic gate
set in a time-of-flight multiprobe scheme and are detected
after a hemispherical electron analyzer. The overall jitter is
below 10 ps [21]. Epitaxial Gd(0001) films of 100 A
thickness, with the easy axis in plane, have been grown
on W(110) [10].

Figure 2(a) shows Gd 4f core-level spectra recorded at a
photon energy of 60 eV and for a sample temperature of
120 K. The measurement geometry is sketched in the inset.
The Gd film was remanently magnetized applying a mag-
netic field of 0.5 kOe. Direction of electron emission k, in-
plane magnetization M, and electric field of the synchro-
tron light Eqr define a chirality, a prerequisite to observe
MLD. The 4f spectral shape and intensity I T and 1|
depend on the magnetization directions M and M |
[20]. Photoelectrons are detected off-normal (n) at an angle
of (4 = 1)° where the MLD contrast is maximum. The
asymmetry (I 1 —11])/(I1+1]) depicted in Fig. 2(b) re-
veals a contrast as pronounced as MCD in photoemission
reported in Ref. [22]. We introduce the dichroic spectrum
Sp=(U1-1])/2 and the average spectrum S, = (/1
+1])/2 to define the average MLD contrast as
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FIG. 2. (a) Gd 4f core-level spectra for Gd(0001)/W(110).
Open and filled circles correspond to opposite in-plane magne-
tization directions M | and M | . The inset depicts the experi-
mental geometry. (b) Asymmetry (I T—11)/({I1T+1]) calcu-
lated from the raw data in (a). (c) Temperature dependence of the
MLD contrast Mp (open circles) compared to the reduced
spontaneous magnetization M/M(0) (filled triangles) and
Brillouin function B,—_7/, (solid line) after Ref. [14].

High-resolution photoemission spectra (not shown) allow
one to resolve the 4f bulk and surface components and
demonstrate that for our measurement geometry the MLD
is dominated by the 4f bulk component [20,23]. As is
evident from Fig. 2(c), the MLD contrast (open circles)
is an appropriate signature of the bulk magnetization. It
shows a temperature dependence that follows the sponta-
neous magnetization M/M(0) (filled triangles) when
aligned around T/T. = 0.5 to data from Ref. [14]. The
small differences are attributed to differences in the rema-
nent magnetization measured in MLD and the spontaneous
magnetization in Gd single crystals extrapolated in
Ref. [14] from field dependent studies. The overall tem-
perature dependence roughly follows the Brillouin func-
tion B; for J = 7/2. We conclude that the dichroic contrast
M, reflects M and allows us to monitor the magnetic order
of the 4f spin system. We assume that this likewise holds
on ps time scales.

The 4 f core-level spectra recorded for overlapping laser
pump and synchrotron probe pulses are depicted in
Fig. 3(a) by filled and open symbols (M 1 and M |, laser
on), F,,, = 3.5 mJ/cm? [24]. Spectra for opposite mag-
netization direction and with or without optical excitation
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were recorded subsequently. Superimposing the unpumped
spectra (solid lines, laser off) reveals that the MLD contrast
is reduced upon excitation. This is emphasized in Fig. 3(b)
where the dichroic spectra S, with and without optical
excitation are compared; the dichroic contrast defined in
Eq. (1) decreases by about 20% upon laser excitation. In
addition, the spectra shift to higher kinetic energy and
exhibit a slight broadening as illustrated in Fig. 3(c) by
the S, spectra. The first and second moments of S, are
calculated after subtracting a Shirley background and yield
a shift of the center of mass of 135 meV and a homogenous
broadening of 0.8%. These spectral changes are attributed
to a transient space-charge layer generated by multiphoton
photoemission of low energy electrons from the
p-polarized pump pulse. Photoelectrons from the synchro-
tron pulse with their kinetic energy of about 50 eV are thus
accelerated on their way to the spectrometer.

Since the peak shift to lower binding energy and the
homogenous broadening are independent of magnetization
direction, the MLD contrast defined in Eq. (1) remains
unaffected. As the change of dichroic contrast is much
larger than the pump-induced peak broadening, third and
higher order corrections are negligible [23,25]. Therefore,
we can safely correct for this parasitic effect, and the data
in Figs. 3(a) and 3(b) have been shifted in order to display
the drop of the dichroic contrast upon optical excitation
clearly.
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FIG. 3. (a) Gd 4f core-level photoemission spectra recorded
for overlapping laser pump and synchrotron probe pulses. Open
and filled circles correspond to opposite in-plane magnetization
directions M 1 and M | . (b) Dichroic spectra (I 1 —1I |)/2 calcu-
lated from the data in (a). (c) Average spectra (I 1 +1|)/2. The
center of mass shifts by 135 meV to lower binding energy upon
laser excitation.

Finally, the pump-induced relative changes of the MLD
contrast are evaluated according to

AMp(Ar) _ MP(Ar) — Mt _AM(Ay)
Mp M M

2

The resulting transient magnetization is shown in Fig. 4
as a function of pump-probe delay Af (open circles). A
20% drop is followed by a recovery within 1 ns. The drop
in the MLD contrast demonstrates that the 4f magnetic
order is reduced upon optical excitation of the 5d6s va-
lence electrons. One may argue that this is a pure thermal
effect, since we probe the 4f core level with a 50 ps time
resolution and electron-lattice equilibration takes 1.5 ps. A
calculation of the transient magnetization from the tran-
sient lattice temperature [Fig. 1(b)] and the temperature-
dependent magnetization from Fig. 2(c) gives the transient
magnetization under the assumption that thermal equilib-
rium is established at all delays. This thermal scenario of
M(Ar) is plotted in Fig. 4 by the dashed line. As the lattice
reaches a temperature close to T at 1.5 ps after the pump
pulse, the magnetization drops by 80%. To account for the
time resolution, this temperature dependence is convoluted
with a Gaussian of 50 ps full width at half maximum
(FWHM) and depicted by the solid line in Fig. 4.
Starting at about 80 ps, the measured 4f MLD and the
calculated magnetization agree nicely, which substantiates
our modeling of T;(Ar). The measured drop of the magne-
tization at earlier times is by a factor of 2 smaller than
expected from the thermal modeling (solid line), which is
consistently reproduced for different F;,, [26]. This strik-
ing deviation of the data from the thermal estimate before
80 ps have elapsed shows directly that equilibrium between
the Gd spin system and lattice is not established in this time
regime. The 4f spin-lattice relaxation thus takes much
longer than the electron-lattice equilibration. Our result
corroborates the pioneering study of Vaterlaus et al. [27],
now by directly measuring the magnetic order of the Gd 4 f
spin system. After 80 ps the recovery of the magnetization

10

20

AM/M (%)

30

40

| | ' | | | |
-200 -100 0 100 200 300 400
Pump-Probe Delay (ps)

FIG. 4. Transient, relative change of the magnetization: mea-
sured 4f dichroism (open circles), calculated from lattice tem-
perature and magnetization in Figs. 1(b) and 2(c) (dashed line),
and convoluted with a Gaussian of 50 ps FWHM (solid line).
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follows the cooling of the laser spot and is well described
by T; (AM/M = 1/e at 350 = 100 ps).

In contrast to Gd, recovery of the ultrafast demagneti-
zation in itinerant ferromagnets follows the evolution of T;
once electron-phonon equilibration has been established
[1,2,6,7]. For Gd this equilibration of the excited state
involves more than one time scale [cf. Fig. 1(a)], because
the optical excitation occurs in the valence band but the
magnetic moment is dominated by localized 4 f electrons.
Thus, beside electronic, phononic, and magnetic excita-
tions, which affect the Gd valence band, equilibration
includes the 4f magnetic moment. Equilibrium is estab-
lished, as we have shown here, on a much slower time scale
of 80 ps by spin-lattice interaction. Since valence-band
electrons and the lattice cool down on this time scale, the
laser-induced demagnetization in Gd is severely hampered
compared to Fe, Co, and Ni.

To summarize, we have established that the transient
dichroic photoemission spectrum of the 4f core level
monitors the Gd magnetization dynamics. We observe a
drop of the magnetization by about 20% upon laser exci-
tation. This is by a factor of 2 smaller than expected from a
purely thermal-equilibrium description based on the tran-
sient lattice temperature. We conclude that up to 80 ps after
laser excitation the 4f spin system is not in equilibrium
with the lattice [27]. In contrast to itinerant ferromagnets
the magnetization recovers slowly, which is attributed to
heat diffusion after laser excitation [18]. What is more, the
experiment demonstrates the potential of time-resolved
core-level photoelectron spectroscopy to study ultrafast
demagnetization at surfaces. In the future ultrashort pulses
of soft x-ray sources will allow us to investigate intra-
atomic exchange as well.
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