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We relate the energy dissipation processes at the femtosecond (electron-spin relaxation time Tel- sp ) and
nanosecond time scale (Gilbert relaxation T (Y) to the microscopic model proposed by Koopmans [Phys.
Rev. Lett. 95, 267207 (2005)]. At both time scales, EIIiot-Yafet scattering is proposed as the dominant
contribution. We controllably manipulate the energy dissipation by transition metal doping (Pd) and rare
earth doping (Oy) of a Permalloy film. While a change in T" of more than a factor of 2 is observed, Tel- sp
remains constant. We explain the discrepancies as due to relaxation channels not considered in the model.

A detailed understanding of the excitation mechanisms
in ferromagnetic films is a key requirement for predicting
temporal limits of specific magnetic switching of a spinelectronic device. The excitation mechanism can be
achieved using a number of methods: magnetic field pulses
[1-3], relativistic electron bunches [4], resonant excitation
in microwave fields [5,6], spin-torque transfer [7], anisotropy field pulses [8,9] and the inverse Faraday effect [10].
However, a complete microscopic understanding of the
"magnetic viscosity" given by the Gilbert relaxation T a
[11,12], critical for engineering the magnetization dynamics involving ultrafast magnetic processes in future magnetic devices, is still lacking. In particular, the role of the
spin-orbit coupling connecting the electron system with the
magnetic excitations is still unclear: One way it enters is by
significantly changing the band structure for spin-up and
spin-down states, resulting in EIliot-Yafet scattering [1315]. Based on that mechanism, a microscopic model was
recently developed by Koopmans et al. [16] (Koopmans
model, for short). The model describes the processes occurring in the fs range by an extended three-temperature
model [17], artificially separating electrons, spins, and the
lattice, as the system relaxes to equilibrium. Alternative
ideas include a band narrowing in the final state recently
observed in fs x-ray spectroscopy [18], increasing the
energy scale of the spin-orbit interaction, or a quenching
of the exchange interaction [19], leading to a "loose spin"
model where the energy barrier for a spin flip is significantly reduced at hot electron temperatures. In the
Koopmans model, the effects of band-structure variations
are neglected. The altered electronic occupancy and the
resulting electronic relaxation processes alone already result in an ultrafast demagnetization. An experimental test
of the model is therefore necessary to develop a better
understanding of the microscopic processes and to test
the limits of validity.
In this Letter, the relation between microscopic (TCI-Sp)
and the macroscopic variables (a:, Tc) predicted by the
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is studied, where T c is the Curie temperature. We take
advantage of fs-pump-probe techniques, which can measure concurrently the relevant energy dissipation processes
that occur at both, fs time scale (localized spin-flip) and
coherent precession in the 100 ps range (spin-wave vector
k = 0) [13]. On the fs time scale, the electron-spin relaxation time 7'cl-sp determines the demagnetization, while the
uniform precession of the magnetization (Kittel mode) can
be used to determine the Gilbert damping a: [all-optical
ferromagnetic resonance (AO-FMR)] [8,9,20,21]. To manipulate the dissipation processes we start with a permalloy
(Py, FegoNi 2o ) film. The damping is then increased artificially by doping the Py with different concentrations of
two different materials classes that increase the .induced
spin-flip scattering rate "sp-i [16,22]: 2% Pd as a transition
metal and 1% Dy and 2% Dy as a rare earth to make a
comparative study between them.
The ferromagnetic films were deposited on a Si substrate
using molecular beam epitaxy (MBE) by coevaporation of
the Py and a doping material (Pd, Dy). The thickness of the
deposited film was set to 12 nm (growth rates of
-0.002 nm/s). All films are capped with a 2 nm Au film
for protection against oxidation. The distribution of the
doping within the films was characterized by Rutherford
backscattering (RBS) and the average doping is found to be
slightly below the nominal value. The doping levels were
deliberately chosen to be low. Only for low doping levels is
the dopant influence on the band structure of the host Py
film expected to be minor and the crystal structure of the Py
film to be little disturbed to allow for a comparison with the
undoped case [23]. Large variations in Tc are not expected
in the low doping range where the exchange interaction
is dominated by the Py matrix, and are not evidenced in our
data [24].
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In Fig. I (a) the schematic experimental fs-pump-probe
experiment and in (b) the experimental data are shown. The
exciting pump pul se uses a flu ence of 40 mJ/cm 2 per pulse
(80 fs, ,\ = 800 nm). The Kerr rotation fh( 7') is measured
by a probe pulse delayed by a time 7' after excitation
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(double modulation technique [25]). A static fie ld is applied 35 Ollt of plane to generate a ps anisotropy field
pulse large enough to start a coherent precession [20,2 1].
Two data sets corresponding to the 2% Dy and the undoped
Py film s arc shown in F ig. I(b) . The appli ed fi e ld H ex! is
varied from 0- 150 mT. The data are fitted to a harmoni c
function with an exponentially decreasing amplitude in
order to extract the period of the precession and the decay
time 7'" corresponding to the Gilbert damping. A detailed
study of' the fi eld depende nce (Killel equation) is necessary
to determine the paramete rs of the fi 1m [21 ,24]. The Gilbert
damping 0' , the decay time 7'a , the effective magnetic
ani sotropy for the thin film K z and the gyromagnetic ratio
l' are related by [20]
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FIG. I (color online). (a) Schematic of the pump-probe setup.
(b) Experimcntal data for thc lIndopccl pcrmall oy CPy) fi lm and
with 2% Dy doping for different field values (applied 35 out-ofplane). (c) The extracted values for the Gilbert damping as a
fun cti on of the appli ed fi eld showing a ll illl:rcase with PLI and Dy
doping.
0

Within the standard ansatz given by the Landau-LifshitzGilbert (LLG) equation the energy dissipation rate 0' is
ass umed to be fi eld independent. Tn practi ce , various dissipation processes can contribute [22 ,26- 30]. For the undoped 12 nm thi ck Py film , a Gilbert da mping (J' of 0.008 is
found. The values obtained for the Gilbert damping are
given in Fig . I (c) for different field values, showing a
systematic increase of the Gilbert damping 0' with increasing doping. For a Dy doping of 1% (2%), the Gilbert
damping increases to 0.0 15 (0.02). Within the fi eld ran ge
from 60 to 150 mT, no dependence on H ex! is observed
[Fig. I(c)l . However, in the low fi eld reg ion , fewer oscil lations and a reduced amplitude (intrinsic to the excitation
mechanism) entail larger error bars. For the same doping
level Dy leads to a stronger damping than Pd doping, as
expected [31- 33]. While for the doping with the 4d transition metal, the interaction between the damping mechanisms originates from Py 4s-Pd 4d interaction, similar to
that in a s-d model [22,34], for the rare earth the energy is
expected to be transferred to the Dy 41 system by a Py
3d-Dy 41 interaction mediated via the Dy 5d el ectrons.
The most important microscopic processes in the
Koopm ans model arc spin flips occurrin g in an electro nscattering event. Because of spin-orbit interaction, the spin
variable for a single electron does not commute with the
Hamiltonian of the system, and the electron bands cannot
be separated into "purely" spin-up and -down . The degree
of coupling is given by the strength of the spin-orbit
interaction. This means that the electron spin is not conserved in a scattering event at the so-called hot spots [ 15].
If one imagines an electron moving in a band, neglecting
spin-orbit coupling as in a standard band-structure calculation, in a scattering process the electron is scattered into a
new state, possibly transferring some energy and momentum to the lattice [Fig. 2(a)]. However, in a band structure
with some hot spots, with spin-orbit interaction turned on
[Fig. 2(b)], if the electron is scattered into a state that is
partly spin up and down at a so-called hot-spot, the spin
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FIG, 2 (co lo l' on line). Processes lead in g to spin nips in an electron-scatterin g event in a simplillcd sc he mati c band pictme. (a) The
bands are not spin sp li t and the spi n-orbit coupling is neglected. (b) When sp in-o rbit interaction is included, the bands cannot be
separated into purely spin-up and purely spin-down. By scattering at so-called hot spots where bands are strongly intermixed, there is a
hi gh probability that th c elcctron w ill ha ve its sp in flipp ed after th e scatte ring event. (c) Rare eart h 4f bands are very locali zed and thus
only weakly hybridized.

w ill flip Wilh so me probabilily on lhal same lime sca le.
This mechanism directly connects the electron-lattice relaxation with the electron-spin relaxation.
In Fig. 3, the ultrafast (fs time scale) demagnetization
data are shown for all samples [35]. The demagnetization
process happens vcry qui ckly wilhin Ihc firsl 100-200 fs
and , in comras! 10 the Koopman s model, is nOl s ignifi can ll y
changed by the Dy and Pd doping. To determine accurately
the relaxation times, the slopes of the curves are analyzed
using the analytic solution for the three-temperature model
given by Dalla Longa et al. [36]. The two exponential
functions mirror the demagnetization given by Tct-sp and
the decay of the electron temperature TcH al owing to the
transfer of energy to the lattice:
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sure lO- tO mbar) conditions, we expect a low extrinsic
contribution [33]. At a eloser look, the deduction of ( I ) is
only valid for electronic energy dissipation channels that
appear at the short time scale in the same way as on longer
time scales. This is unlikely to be the case for Dy doping:
The rare earth 4/ bands are almost atomielike and narrow
in energy far above or below the Fermi energy owing slight
hybridi zation [Fig. 2(c)]. Therefore, they will not contribute as an ultrafast electronic relaxation channel at short
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fJ(t) is the step function and 'T(t) stands for a convolution
with the laser pulse envelope determining the temporal
resolution. A plot of the demagnetization times Tct-sp
against the Gilbert damping a is shown in Fig . 3, inset.
Theoretically, a strong decrease of Tcl-sp with a is expected. For comparison, the functional dependence of
Tct-sp vs LY is shown according to ( I ) for Te and 0.9Te,
res pectively. We find that the de magneti zation times do not
follow the predicted decrease with increasing damping.
At first g lan ce these findin gs seem to provide a fa lsiflcation of the model and these results are supported by
simil ar findin gs for Py doped with ditferent rare earth
materials [33]. In general, there are different kinds of
energy dissipation processes contributing to the Gilbert
damping a even if one assumes only intrinsic electronic
encrgy di ss ipation channel s. Since the Py films arc MBEgrown and have been prepared by coevaporation with very
low evaporation rates under ultrahigh vacuum (base pres-
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FIG. 3 (color online). The ultrafast demagnetization for 12 nm
thi ck pe rmalloy (Pyl film s. llndoped and with Pd (2 %) and Dy
( I %, 2%) doping. To extract the demagnetization time, Tcl- sp is
analyzed with an analyti c solution of the three-temperature
model. In the inset the demagneti zation time is plotted as a
function of the Gilbert da mping a for T c and 0.9Tc , where Tc is
the Py Curie temperature. The hori zontal line marks the value for
the undoped Py film as a refere nce.

time scales. Nevertheless, on the long time scale, a slow
energy dissipation channel arises from a transfer of the
precessional motion to the rare earth by distortion of the
lattice and a repopulation of the lowest 4/ levels with a
temporal lag due to the rare earth ion relaxation time [37].
It is proposed to be responsible for the increased Gilbert
damping Q' in rare earth doped Py films [33]. In contrast, Pd
states with their 5d and 6s states will be much broader in
energy and more hybridized and so the Koopmans model
should be more valid. For this casc, we find a tendency for
the demagnetization time 7 el- sp to decrease with the increased Gilbert damping, even though the effect is found to
be smaller than theoretically predicted. While it is clear
that the model is not applicable for rare earth doping, we
suggest that future investigations focus on the damping
induced by transition metals, where the predictions of the
Koopmans model are followed more closely, at least
qualitatively.
In summary, we show that we are able to tune the
microscopic energy dissipation process in Py by low dose
doping with a 4d transition metal (Pd) and a rare earth (Dy)
material. Using fs all-optical pump-probe experiments
both the ultrafast demagnetization (7cl-sp) and magnetic
damping (7 a) were ascertained simultaneously. While the
Koopmans model predicts that an increase in the magnetic
energy dissipation results in a faster demagnetization time,
this is clearly not observed in the Dy-doped permalloy. The
different electronic nature of the rare earth dopant suggests
a different coupling between electrons, magnons, and phonons on the femtosecond time scale. For Pd doping, only a
qualitative agreement is found. We explain the failure of
the model in terms of missing electronic relaxation channels for the case of the rare earth doping.
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