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The temporal and spatial properties of terahertz magnons excited at ferromagnetic fcc Co(100) and bcc

Fe(110) surfaces are investigated experimentally. The magnon lifetime is found to be a few tens of

femtoseconds at low wave vectors, which reduces significantly as the wave vector approaches the

Brillouin zone boundary. Surprisingly, the lifetime is very similar in both systems, in spite of the fact

that the excitation energy in the Co(100) film is by a factor of two larger than in the Fe(110) film. The

magnon wave packets propagate only a few nanometers within their lifetime. In addition to the fact that

our results describe the damping mechanism in ultrafast time scales, they may provide a way to predict the

ultimate time scale of magnetic switching in nanostructures.
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Understanding the ultrafast spin dynamics on short
length and time scales is essential for increasing the
density, as well as the writing or reading speed of modern
magnetic storage media. Thanks to advanced experimental
techniques, our knowledge has greatly improved within the
last few years [1–9]. It has been known for many years that
the switching of a submicron magnet typically takes place
within a range of few picoseconds up to some nanoseconds,
depending on the applied external magnetic field [1]. The
breakthrough of the ultimate time scale of magnetic
switching (up to subpicoseconds) was reported when the
ultrafast optical spectroscopy was developed such that it
could allow the excitation and probing of the magnetic
objects [2]. Later on it was demonstrated that femtosecond
laser pulses can be applied to switch the magnetization
[4–7]. This new time scale seems to be the ultimate time
scale of magnetic switching up to now. Interestingly, recent
experimental results of spin-polarized scanning tunneling
microscopy revealed that the spin relaxation time of a
single magnetic atom on an insulating substrate is in the
order of a few hundreds of nanoseconds [9]. A connection
between the ultrafast optical spectroscopy and the results
of tunneling spectroscopy is still missing. The fact is that
all the techniques mentioned above allow only the inves-
tigation of the magnetic excitations in real time or space.
Moreover, it is not possible to select a particular excitation
with a certain wave vector and eigenfrequency and follow
its dynamics. Hence a wave vector selective excitation
would provide a deeper knowledge on the processes in-
volved in the magnetic switching on ultrafast time scales.

In this Letter, we present the experimental results on
terahertz magnons probed at ferromagnetic surfaces. We
compare the results of Fe(110) and Co(001) and provide
a quantitative analysis of the magnon lifetime at differ-
ent wave vectors. We will demonstrate how the mag-
nons are confined in time and space. Moreover, we will
provide a quantitative representation of the magnons in
real space.

The results are obtained using spin-polarized electron
energy loss spectroscopy (SPEELS) [10], a technique
which has proven its unique capability in the study of
high wave vector magnons [11–13]. The unique advantage
of SPEELS is that one has a direct access to the wave
vector and the energy of the excitations. In the SPEELS
experiments, due to the angular momentum conservation
during the scattering event, magnons can only be created
by electrons of minority character. The magnon peaks thus
only appear in the loss region of the I# spectrum [14] (see

the typical spectra in Fig. 1). The magnon excitations can
be clearly identified by comparing the I" and I# spectra. The
analysis of the peak position and broadening provides us
information on the magnon excitation energy and lifetime,
respectively [15].
We investigated the magnons in the ultrathin films of 8

monolayer (ML) fcc Co=Cuð001Þ and 2 ML bcc
Fe=Wð110Þ. All experiments are performed at room tem-
perature. Typical SPEELS spectra taken on 2 ML
Fe=Wð110Þ are presented in Fig. 1. As magnons can only
be created by minority electrons, a magnon excitation
peak appears in the I# spectrum. The difference spectrum

(I# � I") is shown by the green curve. We note that non-

magnetic excitations, such as phonons, usually show much
lower spin asymmetry [13], and will be canceled out in the
difference spectrum. As the difference spectrum offers all
the necessary information, it is used for further data analy-
sis to extract the properties of magnons. To change the in-
plane wave vector transfer in the measurements, the sample
is rotated about the magnetic easy axis, while the angle
between the incident and outgoing beams is kept fixed at
80 degrees. The in-plane components of the magnon wave
vectors can be simply expressed as �kk ¼ ki½sinð�fÞ �
sinð�iÞ�, where ki represents the wave vector of incident
electrons. �i and �f are the incident and outgoing angles,

respectively. The resolution in wave vectors depends on the
angular resolution of the spectrometer, which is typically

about 0:05 �A�1.
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To extract the intrinsic linewidth of the magnons, we fit
the measured difference spectra by using a convolution of a
Gaussian and a Lorentzian function, in which the Gaussian
represents the instrumental broadening and the Lorentzian
represents the intrinsic magnon signal. By fitting the
experimental results, one realizes that the intrinsic line-
width of magnon excitations is typically from 20 up to a
few hundreds of meV, which is usually larger than the
instrumental broadening. As an example, a fit through the
data shown in Fig. 1 shows that the intrinsic linewidth of
the magnon is about 42� 7 meV, while the instrumental
broadening is about 20 meV. The large broadening of the
loss spectrum indicates that magnons are strongly damped
in time. The magnon lifetime can be obtained from the
Fourier transform of the magnon signal. The Fourier trans-
form of the Lorentzian in energy (or frequency) domain is
an exponential decay in the time domain, expð�t�=2@Þ,
where � represents the intrinsic linewidth of the Lorentzian
peak in energy and @ is the reduced Planck constant. We
define the lifetime of a magnon as � ¼ 2@=�, a time in
which the amplitude drops to its e�1 value. For the magnon
measured on Fe(110) shown in Fig. 1, the lifetime is about
31� 5 femtoseconds.

The magnon intensity spectra have been measured for
different wave vectors. A contour map is constructed by
plotting the difference spectra versus their wave vectors
for 2 ML Fe=Wð110Þ [see Fig. 2(a)]. Figures 2(b) and 2(c)

show the intensity distributions at �kk ¼ 0:7 �A�1 and

E ¼ 82 meV, respectively. If one assumes that the scatter-
ing geometry does not drastically influence the intensity in
far off-specular [16], one may estimate the spatial

distribution of the magnon wave packets from the intensity
profile presented in Fig. 2(c). For simplicity we neglect
the broadening in wave vectors due to the finite energy
resolution. This is a rather good assumption, since the
instrumental broadening is fairly small compared to the
intrinsic linewidth. The spectral distribution as a function
of the wave vector is fitted directly by a single Gaussian
distribution. For example, the profile in Fig. 2(c) shows a

full width at half maximum (FWHM) of about 0:32 �A�1.
After a Fourier transform, we obtained a Gaussian wave
packet representing the magnon envelope function with a
FWHM of about 2 nanometers.
To visualize the strong damping effects on terahertz

magnons in real time and space, we compared three states
of magnons for 8 ML Co=Cuð001Þ and 2 ML Fe=Wð110Þ.
Solid symbols labeled by SFe, S1Co, and S2Co mark the

centers of these states in Fig. 3(a). State SFe represents
the magnon packet in the Fe(110) film, and states S1Co and
S2Co are states in the Co(100) film. SFe and S1Co possess the

same wave vector (�kk ¼ 0:8 �A�1), while SFe and S2Co
have the same energy (E ¼ 100 meV), as indicated by
the dashed lines. Figure 3(b) represents the evolution of
the magnon wave packets for the states SFe, S

1
Co, and S2Co

indicated above. Each wave packet in Fig. 3(b) is the
product of three components: A moving Gaussian,
exp½�ðx� vtÞ2=2�2�, representing the motion of wave
packet (the envelop function), an exponential decay factor
expð�t=�Þ for the evolution of the amplitude in time,
and finally a wave form, cosð�kkx�!tÞ, representing its

wavy nature (! ¼ E=@ is the angular frequency of the
wave). The velocity of the envelope function, v, is the
group velocity of the wave packet, which is obtained

FIG. 2 (color online). (a) The difference spectra are plotted as
a contour map for the wave vectors from 0 to 1 �A�1. The section
profiles for a wave vector at 0:7 �A�1 and energy at about 82 meV
are shown in (b) and (c), respectively. The magnon peak in (b) is
fitted by the convolution of a Gaussian and a Lorentzian func-
tion. The intrinsic linewidth of the peak is 55 meV. The intensity
profile along the horizontal line at E ¼ 82 meV in (c) is fitted by
a Gaussian profile shown as a solid curve.
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FIG. 1 (color online). Typical spectra recorded at an incident
electron energy of 4 eV and a wave vector transfer of 0:6 �A�1.
The red spectrum indicates the intensity of the scattered elec-
trons for incidence of minority electrons I#, and the blue one is

for the incidence of majority electrons I". The green curve is the

difference between the red and blue spectra (I# � I"). The beam
polarization was about 65%. The peak at about 65 meV in the red
spectrum is attributed to the magnon excitations. The scattering
geometry is schematically sketched in the inset.
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from the slope of the dispersion curves, v ¼ @!=@�kk.
They are about 26, 46, and 41 km=s for the SFe, S

1
Co, and

S2Co states, respectively. � and � are the natural broadening

of the wave packet in space and lifetime, respectively,
which are obtained from the Fourier transform of the
intensity spectra in Fig. 2.

In a classic picture the wave forms in Fig. 3(b) can be
regarded as the amplitude of the transverse component of
spins projected along a certain direction on the surface e.g.,
the propagation direction of the wave. It may be also
regarded as the modulus of the magnon wave function.
Figure 3(b) demonstrates that magnons are strongly
damped within a few tens of femtoseconds and confined
in a few nanometers for both Fe and Co for high wave
vectors. The wave packets only moved ahead by about
2–3 nm during their lifetime (much shorter than the spin

diffusion length in the 3d ferromagnets). For the states
from the same system i.e., S1Co and S

2
Co, the state at a higher

wave vector (S1Co) has a shorter lifetime than the one at a

lower wave vector (S2Co). The wave packet of S1Co propa-

gates a bit shorter than S2Co. Our results demonstrate that

the decay of a magnon does strongly depend on its wave
vector. Interestingly, for the states on different surfaces but
with similar wave vectors, i.e., SFe and S1Co, it is noticed
that although the SFe has a much lower energy, it possesses
a similar lifetime and broadening of the wave packet as
S1Co. SFe and S

2
Co have the same energy. The state at a higher

wave vector (SFe) clearly shows a shorter lifetime as
compared to the low wave vector one (S2Co). Regarding
the propagation speed, both wave packets in the Co(100)
film are much faster than the ones in the Fe(110) film
[see Fig. 3(b)].
The intrinsic linewidth and the corresponding lifetime of

magnons versus wave vector are shown in Fig. 4 for 8 ML
Co=Cuð001Þ and 2 ML Fe=Wð110Þ. The intrinsic linewidth
of the magnon signal shows a clear dependence on the
wave vector. As a result, the lifetime of magnons at the
surface of 2 ML Fe=Wð110Þ ranges from tens to hundreds
of femtoseconds. Comparing to the spin relaxation of a
single atom on the insulating substrate, whose relaxation
time is about 10�7 s [9], the lifetime of magnons at a metal
surface is almost 107 times shorter. Such a short lifetime of
terahertz magnons is attributed to the strong damping due
to the presence of the conduction electrons in the metal
film and the substrate [17–19]. Since the terahertz magnons
are a coherent superposition of the correlated electron hole
pairs across the Fermi level, their damping may be re-
garded as the result of the strong decay of these collective
magnons into the available Stoner states near the Fermi
level. It has been shown that the Stoner excitations in the
surface states play an important role in the decay effect
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FIG. 3 (color online). (a) Magnon dispersion relation in 8 ML
Co=Cuð001Þ (open circles) and 2 ML Fe=Wð110Þ (open squares).
Solid symbols mark the center of three states for Fe and Co
surfaces, which are named as SFe, S

1
Co, and S2Co respectively. SFe

and S1Co are at nearly the same wave vectors 0:8 �A�1, SFe, and
S2Co are at almost the same energy 100 meV. The dotted lines at

about 1.21 and 1.49 mark the surface Brillouin zone boundaries
of Co(001) and Fe(110) surfaces. (b) The plot of the evolution
of wave packets for the states SFe (0:80 �A�1, 95 meV) at Fe
surface, S1Co (0:81 �A�1, 174 meV) and S2Co (0:55 �A�1, 101 meV)

at Co surface. The amplitude may be regarded as the transverse
component of a precessing spin projected to the wave propaga-
tion directions or the modulus of the magnon wave function.

FIG. 4. The magnon lifetime as a function of the in-plane wave
vector measured for 2 ML Fe=Wð110Þ (solid symbols) and 8 ML
Co=Cuð001Þ (open symbols). Inset shows the intrinsic linewidth
of the magnon peaks.
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[19–21]. If the ferromagnetic film is grown on a metallic
substrate, due to the strong hybridization of the bands,
there are lots of Stoner states available near the Fermi
level, which can contribute to the damping mechanism.
In other words, the strong decay effect may be imagined as
the pumping of the spins of the magnetic film into the
nonmagnetic conductive substrate [18]. It is worth pointing
out that the lifetimes of both systems are very similar at the
same wave vectors in spite of the fact that the magnon
energy in the Co(100) film is almost twice of that in the
Fe(110) film. Besides the intrinsic damping effects due to
the Stoner excitations, it has been proposed that the thermal
effects may also play a role in the broadening of magnon
peaks [22]. However, experiments performed on a 2 ML Fe
film at different temperatures revealed that the temperature
dependence of the intrinsic linewidth is negligible.

The strong damping observed in our experiments is
governed by the decay of collective type of magnons, to
the single particle Stoner excitations (usually referred to as
Landau damping [19]). It strongly depends on the available
Stoner states near the Fermi level; hence, the hybridization
of the electronic bands of the ferromagnetic film with
the ones of the substrate plays an important role [19]. As
the total magnetization of the sample is unchanged after
creation and damping of a magnon, one cannot directly
connect the magnon lifetime to the ultimate time scale of
magnetization switching. However, this relaxation time
can be directly compared to the time interval provided in
the excitation scheme. For instance, if the aim is to switch
the magnetization of a nanoisland using a spin-polarized
current within a few femtoseconds, the terahertz magnons
are governing this process. Hence, the time interval be-
tween two electrons has to be shorter than the lifetime of
the magnons involved. Otherwise, the magnons do not
contribute to this switching process and die out. The
same analogy applies to the other methods used to switch
the magnetization. If terahertz magnons are generated
within the process, one would expect the response of the
system in such timescales. Since the timescale in optical
experiments is similar to what we predict as the typical
lifetime of the terahertz magnons, we think that the ter-
ahertz magnons are also important in the laser induced
demagnetization processes.

The strong spin dependence of the decay rate of the
image potential state observed in photoemission experi-
ments is attributed to the magnon generation and relaxation
within a few tens of femtoseconds [23]. Our results are the
direct experimental proof of this hypothesis.

In summary, the magnon lifetime and spatial distribu-
tion in 8 ML fcc Co(001) and 2 ML bcc Fe(110) are
studied. The magnons on both surfaces possess lifetimes
ranging from tens to hundreds of femtoseconds depending
on the wave vector. Our analysis reveals that the magnons
at the Fe(110) and Co(100) surfaces are strongly confined
in time and space due to the damping effects. Interestingly,

the lifetime of both systems are very close at a given
wave vector in spite of the fact that the excitation energy
in the Co(100) film is almost twice of that in the
Fe(110) film. Terahertz magnons propagate only a few
nanometers within their lifetime. Our results shall have a
significant contribution to the understanding of the mag-
netic damping mechanism of terahertz magnons at sur-
faces and a possible tuning of the magnetic relaxation in
nanoscale ferromagnets. They may also offer a way of
estimating the ultimate time scale of magnetic switching
in nanostructures.
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