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We report on a combined experimental and theoretical study of the spin-dependent relaxation processes

in the electron system of an iron film on Cu(100). Spin-, time-, energy- and angle-resolved two-photon

photoemission shows a strong characteristic dependence of the lifetime of photoexcited electrons on their

spin and energy. Ab initio calculations as well as a many-body treatment corroborate that the observed

properties are determined by relaxation processes involving magnon emission. Thereby we demonstrate

that magnon emission by hot electrons occurs on the femtosecond time scale and thus provides a

significant source of ultrafast spin-flip processes. Furthermore, engineering of the magnon spectrum

paves the way for tuning the dynamic properties of magnetic materials.
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Magnons are the fundamental collective excitations of
the electron system of magnetic materials. In collinear
ferromagnets each magnon lowers the magnetization by
2�B. Understanding the generation of such spin waves
away from thermal equilibrium is necessary to develop a
microscopic picture of electron relaxation processes [1,2].
The signature of magnon generation by hot electrons has
been found in spin-polarized electron energy loss spectros-
copy [3], high-resolution photoemission spectra [4], and
inelastic tunneling spectroscopy [5]. However, these ex-
periments do not address the fundamental problem of the
time required to generate a magnon. This is, in particular,
important since magnon emission by excited electrons is
commonly viewed as a slow process, occurring within
picoseconds [6]. In contrast, laser-induced magnetic phase
transitions are reported to take place in the femtosecond
range [7–9]. Though parameterized models now describe
major properties of laser-induced demagnetization dyna-
mics, a microscopic understanding of these processes is
still under debate [10–12].

In this Letter we present a combined experimental and
theoretical approach to study ultrafast electronic dynamics
in magnetic systems. The system we consider is a 3 mono-
layer iron film on Cu(001), since theory predicts spin-wave
effects to be strong in Fe [13,14]. A precise two-photon
photoemission (2PPE) experiment with spin, time, energy,
and angular resolution allows us to detect characteristic
properties in the spin, energy, and momentum dependence
of the lifetime of excited states. Based on ab initio calcu-
lations of the ground state and the magnetic excitation of
the system as well as the evaluation of the electron

lifetimes within a many-body treatment of the electron
self-energy, we show that the observed properties are de-
termined by electron-magnon interaction. Our most funda-
mental result is that the emission of magnons by hot
electrons takes place on a femtosecond time scale. This
implies that magnon emission must be considered an im-
portant contribution to femtomagnetic properties of 3d
ferromagnets.
In our 2PPE experiment we probe the spin-dependent

decay mechanisms of photoexcited electrons occupying
image-potential states [15]. This class of surface states is
localized several angstroms in front of the surface and they
are established as the model system of choice for the study
of electron dynamics [16]. As sketched in Fig. 1(a), a first
femtosecond laser pulse @!a excites an electron from bulk
states below the Fermi level EF into the unoccupied image-
potential-state band and from there a second pulse @!b

raises the excited electron above the vacuum level Evac.
The photoelectrons are then selected by energy and their
spin polarization is determined (for further details see
Ref. [17]). Measuring the energy as a function of the
momentum parallel to the surface EðkkÞ yields the first

and second band (n ¼ 1, 2) with a two-dimensional para-
bolic dispersion [18] as depicted in Fig. 1(a). Their ex-
change splitting is a signature of the ferromagnetic order in
the iron film at the measurement temperature of 90 K
(T=TC ¼ 0:24) [19,20].
The lifetime � of electrons photoexcited to the n ¼ 1

band is accessed by shifting the time delay between pump
and probe pulse. Figure 1(b) features six of such traces
recorded at fixed kinetic energy, parallel momentum, and
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spin projection corresponding to points 1, 2 and 3 in
Fig. 1(a). The cross correlation of the Shockley surface state
measured on clean Cu(111) (black diamonds) indepen-
dently provides pulse durations and zero time delay.
Simulations with optical Bloch equations (solid lines)
yield the lifetimes �" and �# indicated close to the traces in
Fig. 1(b) [21,22].Where the shift of the time-resolved traces
with respect to the cross correlation is smallest and the slope
at positive delay is steepest, the lifetimes are shortest. Hence
the time-resolved measurements demonstrate that
minority-spin electrons decay faster than majority-spin
electrons and that both, �" and �#, decrease significantly
with increasing momentum kk, and thus energy.

It is well established, that the decay of the excited
image-potential electrons is dominated by inelastic
electron-electron scattering, while electron-phonon scat-
tering is negligible [16,23]. The three possible electronic
decay channels are sketched in Fig. 2(a). Process 1 des-
cribes decay into empty bulk states. In this inelastic scat-
tering process momentum and energy are conserved by an

electron-hole pair excited in the iron film [upward-pointing
arrow in Fig. 2(a)]. A first-principles calculation of the
density of states for the surface layer is shown in Fig. 2(b).
The d bands in the majority-spin channel are almost fully
occupied, while the d states in the minority-spin channel
form a partially occupied band, exchange split from the
majority bands by about 2.5 eV. It is this spin-dependent
density of d states, which determines the difference
in majority and minority decay rates �" ¼ 1=�" and
�# ¼ 1=�# at the band minimum E0 [24,25], i.e., at
E� E0 ¼ 0 eV in Fig. 3.
With increasing energy E above E0, both decay rates

increase linearly. However, as can be seen in Fig. 3, the
minority-spin slope is twice as large as the slope for
majority-spin electrons [d�#=dE ¼ 0:25� 0:04 ðeV fsÞ�1

vs d�"=dE ¼ 0:12� 0:02 ðeV fsÞ�1]. This large difference
in the energy dependence of the decay rates for electron
states with opposite spin projections is the most important
experimental finding of this work.
On the nonmagnetic Cu(100) surface the increase of

decay rate with increasing energy above E0 is due to inter-
band scattering and intraband scattering [processes 2 and 3
in Fig. 2(a)]: The electrons gain additional phase space for
decay (hatched area in Fig. 2) [23,26]. Likewise in iron, this
additional phase space is comprised of the two-dimensional
image-potential band (constant density of states) and the sp
bulk bands at energies E> E0 [cf. Figure 2(b)]. While this
will lead to an increase of the decay rate, the additional
phase space is hardly spin dependent and therefore cannot
account for the large difference observed in the slope
d�=dE between minority and majority electrons.
This difference originates from the spin asymmetry of

magnon emission driven by hot electron decay. In a spin-
flip scattering event the excited electron occupies initial
and final states corresponding to opposite spin projections.
Since the spin-flip transition is associated with a change of
the spin angular momentum of the hot electron, a direct
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FIG. 2 (color online). (a) Schematic of the n ¼ 1 image-
potential state in the gap of the surface-projected bulk bands
(filled areas). Inelastic decay processes of the image-potential-
state electrons via electron-hole pair creation are indicated
(processes 1, 2, 3). (b) Calculated spin-resolved density of states
for the surface layer of 3 monolayer iron on Cu(100).
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FIG. 1 (color online). (a) Dispersing first (n ¼ 1) and second
(n ¼ 2) image-potential-state band as a function of momentum
parallel to the surface. The intensity of the 2PPE signal in the
majority- (left-hand side) and the minority-spin channel (right-
hand side) is presented in a contour plot with white indicating the
maximum. The arrows depict the 2PPE process schematically.
(b) Time-resolved 2PPE measurements of the n ¼ 1 image-
potential state taken at kk-values 1, 2, and 3 indicated in the

top panel.
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transition is allowed only under the influence of spin-orbit
coupling. In our case spin-orbit coupling is very weak and
direct spin-flip processes have negligible contribution to
the decay rate. There is, however, another scenario leading
to the change of the spin projection of the hot electron. This
is an exchange process where the hot electron interacts
with the electrons of the film. Such a process is depicted in
Fig. 4(a). At the end, the excited electron has opposite spin
projection with a smaller energy and, simultaneously, there
is a compensating spin-flip process in the film. The latter
can be either a single electron spin reversal (Stoner exci-
tation) or a collective electron excitation (spin wave). In
general, both, Stoner excitation and magnon can be emitted
and absorbed in the exchange-scattering process within the
constraints of energy and momentum conservation.
Because of the low temperature of our experiment, we
can neglect absorption. Since the Stoner excitations have

characteristic energies of the order of the exchange split-
ting of 2.5 eV, they will not play a role in the decay
processes 2 and 3 with energy transfers below 0.5 eV. In
this energy range magnons can play a dominant role in the
lifetime of minority electrons [14], since the magnon spec-
trum starts at zero energy. We demonstrate in the following
that magnon emission is responsible for our observations.
In Fig. 4(c) we show the calculated spin-flip spectrum of

the film. There are three spin-wave branches: one acoustic
starting with zero energy and two optical with activation
energies around 0.1 eV. The characteristic form of the
spectrum with the parabolic dispersion of optical magnons
is a consequence of the exchange interactions in the film
that are stronger within than between the atomic planes.
The calculations are based on a new implementation of the
linear response density functional theory (LRDFT)
[27,28]. LRDFT allows us to determine the transverse
magnetic susceptibility �ðqk; !Þ of the film, taking into

account our calculated band structure and thus the influ-
ence of the surface and the hybridization of the electronic
states in the iron layers with the nonmagnetic substrate.
Because of the nearly half-metallic character of the film the
number of Stoner states in the spin-wave energy region is
small and the magnon peaks are well defined [28].
As energy @! and momentum qk are transferred to the

magnon, the conservation laws imply @!ðqkÞ ¼ E#ðkkÞ �
E"ðkk � qkÞ. Considering the dispersion relations of elec-

trons and spin waves, for a minority electron residing at the

band minimum ( �� point) the phase space available for
decay with magnon emission is severely limited. Since
the spin splitting of the image-potential-state band is
smaller than the activation energy of the optical spin
waves, only decay into acoustic magnons is possible.
Moreover, energy and momentum conservation restricts
the number of available acoustic magnons to those with

q0 � 0:09 �A�1 [cf. Fig. 4(b)]. As the momentum of the
primary electron kk rises, there are more accessible acous-

tic magnon states [illustrated in Fig. 4(b) for kk � 0:1 �A�1

by the ring q1]. Additionally, new decay channels open,
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FIG. 4 (color). (a) Schematic illustration of an exchange spin-flip process. (b) Spin-wave states accessible by decaying image-
potential-state minority electrons for initial momenta kk ¼ 0 �A�1 (dashed line) and kk ¼ 0:1 �A�1 (solid lines) along �X . Rings q0
and q1 denote final magnon states in the acoustic mode, q2 and q3 in the low and high energy optical branches, respectively.
(c) Spectral power =�ðqk; @!Þ of spin-flip excitations in 3 monolayer iron on Cu(100) obtained from LRDFT calculations.
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corresponding to the generation of optical spin waves at the
smaller momenta q2 and q3. This increase in phase space
explains why, with the onset of magnon emission, the
decay rate of the minority electrons increases more steeply
with their initial energy.

In the framework of many-body theory, the decay rate of
an excited electron can be derived from the imaginary part
of the electron self-energy� as � ¼ �2@�1Im�. Different
approximations for � account for different excitations in
the system that compensate the electron’s transition. We
performed calculations within two schemes: In the so-
called GW approximation to � collective excitations of
the spin-wave type are not taken into account. Only single-
particle spin-flip excitations (Stoner excitations) are incor-
porated. In the scheme we refer to as GW þ T (GW plus T
matrix), multiple scattering of the Stoner’s electron-hole
pairs is included. In this formalism the latter gives rise to
spin-wave excitations. The decay rates of bulk electrons
calculated via the GW and GW þ T approaches at excita-
tion energies corresponding to the energy losses in intra-
band and interband decay (processes 2 and 3) are shown as
dashed and solid lines in Fig. 3, respectively. The decay
rates have been scaled by the bulk penetration of the
image-potential states at the band bottom and are multi-
plied by 2=3 to account for the two-dimensionality of the
thin iron film. The comparison between GW and GW þ T
confirms that magnon emission at low excitation energies
yields a dominating contribution to the decay rate �# [13]
and provides a much higher slope d�#=dE for spin-
minority electrons. Our considerations show that the physi-
cal mechanism leading to the different energy dependence
of �" and �# is the emission of spin waves by the minority
electrons.

The emission of magnons must take place on the femto-
second time scale, since the lifetime of these hot electrons
is in the femtosecond range and the contribution of magnon
emission to the decay rate of spin-down electrons is large.
This establishes the time scale it requires to create a
magnon in an itinerant ferromagnet. It is independent of
the electronic state used to probe magnon emission,
whether surface or bulk state. Our theoretical studies for
bulk iron corroborate the magnon emission time at the
scale of the lifetime of hot electrons.

The efficiency of magnon generation by hot electrons,
on the other hand, depends on the accessibility of the spin-
wave states ruled by energy and momentum conservation
and is therefore material dependent. This dependence has
been observed for the 3d ferromagnets [13,29]. Extending
our combined approach to Co films, first results show an
increase of �with a weaker spin dependence. In contrast to
the Fe films, here the exchange coupling is of comparable
magnitude in and between the layers. Therefore the optical
magnons in the Co films have much higher energies and
cannot contribute to the decay of electrons at low excita-
tion energies.

In conclusion, we found that the increase of the decay
rate of image-potential-state electrons with increasing

energy is highly spin dependent in iron films. This result
can be explained by many-body theory of the excited
electron lifetime only if magnon generation is taken into
account. We have established that the generation of col-
lective magnetic excitations takes place on a femtosecond
time scale. Hot electrons are assumed to drive ultrafast
magnetization dynamics through spin-flip electron scatter-
ing [11]. Here we show that magnon emission provides a
significant microscopic source for ultrafast spin-flip pro-
cesses. We could capture microscopic details of electron-
magnon coupling uncovering which electrons and
magnons are involved. Our results indicate that tuning
the spin-selective decay rate of injected electrons could
be achieved through engineering of the acoustical and
optical branches of the spin-wave dispersion via the mate-
rial and structural properties of the thin film.
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